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SYNOPSIS 
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Thesis Title : PULSED LASER ABLATED CARBON PLASMA 

Name of the thesis supervisor : Professor R K Thareja 

The thesis describes studies of Nd:YAG laser ablated carbon plasma 

in vacuum and in the presence of ambient gases at low and moderate laser 

irradiances. A detailed investigation of optical emission of laser produced 

ionic/atomic (C I, C II, C III, C IV and C V) and molecular (C^) species of 

carbon in vacuum and in the presence of background gas viz. air, helium and 

argon was conducted. A peculiar double peak structure observed in the temporal 

2 2 0 

profile of the C II transition 3d D - 4f F at 426.7 nm in an ambient gas 
was attributed to Raylelgh-Taylor instability at the interface. The presence 
of carbon clusters (fullerenes) in laser ablated carbon soot and carbon films 
obtained from laser vaporization of graphite in a helium atmosphere is 
reported. A Nd;YAG laser (1,06 pm) delivering 1 J of energy in 2.5 and 8 ns 
(FWHM) pulse with a repetition rate of 10 pps (and its harmonics 2w, 3w and 
4()>} was used to produce carbon plasma. 

To study laser ablated carbon plasma the laser radiation was 
focussed onto a rotating graphite target mounted in a vacuum chamber. The 
experiments were carried out in vacuum and for different pressures in the 
range lO^^-lOO Torr of air, helium and argon gas. The plasma radiation was 
imaged onto a monochromator (HRS-2, Jobin Yvon) and the output was detected 
with a photomultiplier tube {1P28, Hamamatsu) and recorded on a strip chart 
recorder or displayed on an oscilloscope (11302A, Tektronics). The signals 
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were digitized and fed to personal computer for further data processing. For 
depositing carbon films laser radiation was focussed using a cylindrical lens. 
The carbon films were deposited on silicon and glass substrates under various 
helium pressures. The ablated carbon powder ‘soot’ was also collected from the 
chamber at different helium pressures to ascertain the presence of fullerenes, 

So’ 

The emission spectra of carbon plasma were recorded in the 

wavelength range 190-800 nm at various distances away and parallel to the 

target surface (2 = 0-20 mm) at different laser irradiances and wavelengths 

(1.06, 0.532, 0.355 and 0.266 pm). Assuming the plasma to be in local 

thermodynamic equilibrium the electron temperature of the carbon plasma was 

estimated from the relative intensities of spectral lines. Electron 

temperature calculated at 2 mm away and parallel to the target surface for C 

11 2 

IZ, C III and C IV species at 8x10 U/cm laser irradiance was found to be 4 

eV, 6 eV and 7 eV respectively. It is observed that the electron temperature 

Increases with higher ionic charge and decreases with increase in distance 

away from the target surface. Variation of electron temperature with intensity 

0 4 

of laser radiation shows I ’ dependence. The electron density was estimated 

2 0 2 

from the stark broadened profile of C II transition 3p P - 4s S at 392.0 nm 

at various distances away from the target in vacuum and was found to be in the 

range 10^^-10^'^/cm Temporal profiles of C II transition 3d - 4f at 

426.7 tm, C III transition 3s - 3p at 465.0 nm and C IV transition 
2 2 0 

3s S - 3p P at 580.1 nm were recorded to estimate the velocity of the 
plasma front. The expansion velocities of C II, C III and C IV species were 
found to be about 4x10 , 7x10 and 10x10 cm/sec respectively. The expansion 
velocity of C 11 species in the presence of helium, argon and air at 10 Torr 
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was found to be 8.2x10 , 7,3x10 and T.Sxlo'^ cm/sec respectively. The velocity 

decreases with the increase in background gas pressure and atomic mass of the 

ambient gas. Studies of laser ablated carbon in the presence of helium and 

argon showed enhancement of line emission for the transitions 2p^ - 3s 

of C I at 193.1 nm, 3p 5d of C II at 213.7 nm. 3d - 4f of C III 

at 192.3 nm and 3d -- 4f of C III 216.3 nm. It was observed that line 

intensity was more in presence of helium and argon gases than that in vacuum. 

This is attributed to enhanced cooling of the expanding plasma in the presence 

of background gas which increases the three body recombination rate (oc oc 

c 

"* 9/2 

) and results in populating the excited neutral/ionic carbon species. 

The spatial and temporal characteristics of various ionic states at 

various pressures of background gas were performed. An interesting feature 

observed is the appearance of a hump in the temporal profile of the C II 
2 2 0 

transition 3d D - 4f F at 426.7 nm at distances far away from the target 
viz. 12, 7 and 8 nan for helium, argon and air respectively. It was found that 
the onset distance for the double peak structure decreases with the increase 
in pressure and atomic mass of the ambient gas. To explain the peculiar double 
peak various interaction processes such as recombination, charge transfer, 
bXast/shock wave interactions, micro-instabilities etc. were considered. It is 
proposed that at the interface region due to density fluctuations Rayleigh- 
Taylor instability occurs In the decelerating laser plasma front and leads to 
stratification of the plasma into fast and slow ion components. We found that 
at 0.1 Torr, mutual penetration of the laser plasma ions and the ambient gas 
decreases and interaction region becomes an interface. The experimental value 
of 0.1 Torr compares well with theoretically evaluated pressure of the ambient 
gases at which Raylelgh-Taylor Instability occurs at the interface i.e. 0.16 
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Torr of air, 0.19 Torr of argon and 0.36 Torr of helium gas. 

At moderate laser Intensities (~ 10^-10^^ W/cm^) atomic/ionlc 

species from C V to C I which recombine through atomic to molecular carbon are 
observed. However, at low irradiance {~ 10®-10^ W/cm^) molecular emission 
was found to dominate the plasma emission. emission studies are helpful to 
optimize parameters for diamond like carbon film deposition, to correlate 
carbon clusters with the plasma dynamics and to investigate the spectroscopy 
of small carbon clusters. We observed emission in the Av ® -2, -1, 0, +1, 
+2 sequences of the Swan (d^n^-a^H^J bands and the Av = 0 and +1 sequences 
of the Deslandres-d’ Azambuja {C*n ~A*n ) bands. The studies were ijerformed at 

9 9 

various laser irradiance, wavelength and at various pressure of the ambient 
gas. It is found that there is an optimum energy at which the intensity of 
band heads is maximum. The presence of helium gas enhances the intensity of 
emitted spectrum and of all Swan band heads. The presence of " high pressure * 
band of the Swan system at 589.9 nm originating from v' » 6 level suggests 
that the plasma is in fast recombining phase. Vibrational temperature 
estimated from the measured emission intensities of the Swan band heads of the 
sequence (Av • -1) at various laser energies and wavelengths and under various 
helium pressures was found to be in the range of 6000 - 12000 K. Temperature 
and velocity of the species decrease with the increase in helivim pressure. 
Vibrational temperature increases with the decrease in laser wavelength. It is 
found that shorter laser wavelength irradiation produced higher vibrational 
temperature at all helium pressures. Vibrational temperature calculated at 
various energies for 0.355 pm at 10 Torr helium pressure showed that there 
exists an optimum energy at which temperature is maximum. 

The carbon films were deposited on silicon and glass substrates at 1 
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cm away and parallel to the target surface at low laser irradlance under 
various helium pressures. The experiments were performed in a vacuum chamber. 
The laser radiation was focussed using a cylindrical lens to a spot of length 
1.2 cm and breadth 0.04 cm. The deposited films were characterized using X-ray 
and Scanning electron microscopy (SEM). X-ray diffraction pattern of the 
carbon films deposited on silicon wafer at 100 Torr helium pressure showed 
peaks at 10.3**, 11°, 17.9° and 20° which corresponds to (100), (002), (110) 
and (112) crystalline planes of C^q. SEM photographs of the films deposited 
iinder various helium pressures showed that the density of the microcrystalline 
clusters increase with the increase in helium pressure. The ablated carbon 
powder ‘soot’ collected from the chamber at different helium pressures was 
analyzed for the presence of fullerenes, etc. . The carbon clusters were 
characterized using UV-visible absorption and IR spectroscopic techniques. The 
optical absorption spectra showed prominent peaks characteristic of and 
CjQ clusters. Infrared spectrum showed prominent modes confirming the presence 
of CgQ, and Cg^ in the benzene / n-hexane solvable carbon soot. 
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INTRODUCTION 

Pulsed laser ablated plasma of a material is characterized by laser 

parameters (laser irradiance, pulse duration and wavelength) and 

temperature-dependent optical (reflectivity, absorption coefficient, 

penetration depth) and thermophysical (heat capacity, diffusivity, thermal 

conductivity etc.) properties of the target material.^ ^ When a laser pulse is 

1 2 

incident on an opaque solid target, two extreme situations occur. ’ At very 

low irradiances ihe light causes only a rise in temperature by conduction 

below the surface with no change of phase. If the irradiance is very high, 

multi-photon ionization takes place at the surface eventually leading to 

plasma formation. Characteristic features of the laser ablated plasma such as 

temperature, velocity, forward-directed nature, pressure, presence of atomic, 

2 

ionic and molecular species mainly depend on laser irradiance. There are many 

6 7 

reports on studies at various laser irradiances but a few reports * are 

available on the comparative study of low and high laser irradiance produced 
6 

plasmas. Laqua explained theoretically two different cases of vaporization 

8 2 8 2 
depending on the Irradiance; lower than 10 W/cm and higher than 10 W/cm . 

In the first case, most of the material is removed in the form of polyatomic 

4 

particles moving at a velocity of 10 ca/s. At higher irradiance, the 

temperature of the plasma is much higher than the boiling temperatxire of the 

material and the evaporated material i.e. atomic and ionic species move with 

velocity greater than 10*^ cm/s. Laser ablated plasma at low irradiance ~ 10 - 
9 2 

10 w/cm is mostly used for pulsed laser deposition of thin films e.g. high 

go IQ 

T_, diamond like carbon and polymeric thin films, for microelectronic 

C 

1. ' * X2 13 

fabrication;** for studies of molecular species; for production of carbon. 
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sodiua,^^ aluJBinium, copper, and other clusters; for surface temperature 

studies^^ etc.. Recent applications of the laser ablated plasma at moderate 

irradiance - 10 - 10 M/cm , includes source of X-rays,^ VUV continuum^ and 

highly charged lons,^^ for generation of laser oscillations,^^’^^ 

understanding of hydrodynamics of plasma, modelling of various 

26 

processes in space physics, particle injection in plasma devices for 

2T 1 1 

diagnostics, sampling of materials for subsequent mass analysis, and the 

28-30 

studies of laser-plasma interactions in the presence of ambient gases. 

Laser ablated plasma has been recognized for a long time as a means 
to produce controlled beams of atomic species. ’ The laser produced plasmas 

■ 32 

from different targets have been extensively studied. It has been fotind that 

ionic species from Cl to C VI can be generated from laser ablated carbon 

21 22 

plasma. ’ Detailed investigations of the temporal, spatial and spectral 

characteristics of various ionic species of carbon generated from a 

22 25 

polyethylene film using pulsed ruby laser have been reported. ’ Electron 

density frcai stark broadened profiles and line Intensity ratios have been 

reported. Recently a laser Imaging method has been developed for 

34 

measureHwnt of electron density fluctuations in plasmas, and laser 

absorption spectroscopy has been used to measure the density of atomic niobium 

35 

vapour in a laser ablated plume near the target surface. Kinetic energy 
contribution for the different ionic species of carbon have been analyzed by 
Mann et al.^ Kools et al^^ measured the angular velocity distribution of 
neutral copper atoms created by near-threshold ultraviolet excimer laser 
ablation of polycrystalline copper foils as a function of the laser fluence. 
There has been great interest in studying the Interaction between charged ions 
emaoiatii^ from expanding laser ablated pla»a8 with a background gas medium. 
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Various interaction processes such as recombination, collisional Interactions, 

micro-instabilities etc. play an important role in line emission^*^’^^ in 

understanding the hydrodynamics of the expanding plasma ’ and in exploring 

the possibility of laser generated controlled thermo-nuclear reaction. The 

interaction between laser plasma and the ambient gas approaching each other is 

also of Interest because it provides information on collisional, collective 

40 

ai«3 electromagnetic processes in astrophysical and laboratory plasmas and 

12 

can help in the solution of various practical problems. The nature of 

interaction is governed by the densities, relative velocity, temperature, ion 

composition etc. of the plasma and background gas. There are some recent 

experimental reports on the study of the turbulent interactions of a hot 

41-44 

expanding laser plasma with a low density backgrowd gas plasma. The 

laser produced plasmas in an ambient gas are also being studied as a gain 

24 23 

medium for x-ray lasers. Seely et al have used charge exchange scheme 

between C VI and Ar III in expanding carbon plasma for soft x-ray laser in 

45 

carbon. Laser oscillations in the Balmer a-llne of C VI and in capillary 
24 

discharge plasmas have also been reported. 

8 

It has been experimentally shown that at laser Intensity of 10 

2 

W/cm molecular carbon emission dominates over ionic emission in laser ablated 

plasma plume. ^ Dreyfus et al^^ have reported molecular emission for copper 

(Cu^) and carbon (C^) from laser ablated plasma at low irradiance. Many 

laboratory studies have provided transition probability data and FrancK-Condon 

factors needed for diagnostic Interpretation of the spectra in many 

47 

astrophysical, gas dynamic and coid>ustlon applications. C^, wilecule 
possesses seven known triplet and six known electronic states giving rise to 
nine band systeses which 11^ across the vacum ultraviolet, ti^ visible and tt^ 
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infrared spectral regions.'*® The strongest and aost easily excited of these 

band systeas Is the Swan system which lies between 420 and 770 In a 

recent systematization of the energy level scheme and nomenclature for the 

48 ^ 

molecule, Herzberg et al assigned the notation (d n - a n ) for the Swan 

g u 

system. Several investigators have studied the Cg emission during the laser 

50 51 

sputtering of graphite. ’ Similar studies of C 2 Swan bands have been 

52-54 

conducted for laser etching of polymers. The Swan band system is an 

important spectroscopic feature of many different types of sources. It is 

55 56 

prominent in flame-spectra, in the emission spectrum from the comet heads 

49 

and electrical discharges through carbon bearing materials. It is observed 

57 

that emission is dominant when high quality laser ablated unhydrogenated 

diamond like carbon films are deposited at low laser power densities. The 

properties of the films prepared by pulsed laser deposition depend on 

simultaneous control of various physical parameters during both deposition and 

cooling steps. In order to optimize film properties a better understanding of 

the dependence of film formation on the laser and plaStaa parameters is 

essential. It has been found that kinetic energy and temperature of the 

57 

species deposited influence the growth of high quality films. Therefore, it 
is necessary to estimate the temperature of the species which dominate in a 
deposited film. Various techniques have been utilized to estimate the 
temperature during dynamic changes in both temperature and free electron 
density In a laser produced plasma. The optimum films are obtained by the 
condensation of eiMtrgetic atomic and molecular species. 

Pulsed atomic, molecular or cluster beams produced by laser ablation 
of a solid target are widely used to study the eleMsntary properties of non 
volatile el^aents^ and to investigate different mechanli^s such as 
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collisional and reactive processes. Laser vaporization in an ambient 

atmosphere has been used to produce clusters from polycyclic aromatic 

59 10 13 

hydrocarbons, metals, polymers, and even soot particles. Of all the 

elements for which gas phase clusters have been used, perhaps none has evoked 

more interest than carbon. It has been shown that the mechanism hypothesized 

for pure-carbon condensation in the graphite vaporization experiments also 

applies to soot formation in combustion. The growing number of recent 

publications on clusters reflect the tremendous interest in these particles. 

The individual crystals are intrinsically interesting since they often exhibit 

properties uncharacteristic of either the atomic state or the bulk. In 

addition, they are potentially of significant technical importance in the 

fields of catalysis and combustion, and are useful as models of surfaces. 

Carbon clusters C^, C^, etc play important roles in the chemistry of cometary 

60 

and stellar atmospheres and in the formation of soot in rich combustion 

envlroranents. Recently a hot band laser induced fluorescence study of the 

- x'z* transition in C- was performed. Despite the interest in small 
u g j 

63 

clusters, best of our knowledge of these species comes through theoretical 

64 

calculations of their electronic and geometric structures. Unfortunately 

detailed experimental data that could answer many questions, especially how 

these species are formed, is still largely lacking. Early work on carbon 

65 

molecules/clusters was reported by Palmer and Shelef. Major advances made in 

61 

the recent past upto 1989 have been updated by Weltner and Van Zee who have 

66'“68 

given a complete picture of the state of this field. Many researchers 
have observed quite remarkable physical and chemical properties for even 
numbered carbon clusters in the size range of 2-100 atoms. Their unique 
properties lead to the hypothesis that these clusters adopt closed, spherical 
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69 

structures. The most symmetric structure is that of C,-, which is postulated 

ou 

to be a truncated icosohedral containing 12 pentagons and 20 hexagons. It is 

the third major form of pure carbon and has an unusual bonding behaviour, 

hollow symmetry and amazing electronic properties. is so resistant to 

shock that it has been suggested as a lubricant. It is proposed that may 

provide the added ingredient that makes diamond like carbon films more 
70 

practical. Properly doped was found to be both superconducting and 

70 

magnetic. All aspects of buckminsterfullerene were comprehensively 

71 72 

covered by Kroto et al. Diederich et al have presented a comprehensive 
review of higher clusters beyond C.„. Highly specific characterization 

DU 

73 

methods such as NMR and X-ray diffraction have been used to determine the 

structure and chemical properties of pure and C.^^. Mass spectroscopic 

methods using electron impact or laser ionization after laser desorption have 

74 

been employed to estimate the mass distribution in thin films. Great 

interest still exists to determine the nonlinear properties and ionization 

75 

potential of free and 

76 

For the formation of C^q, Kroto et al has proposed that cluster 

closure satisfies the valences of the carbon atoms in the totally unsaturated 

molecules and make them relatively inert to reactions that lead to larger 

clusters and ultimately to particles. Thus the mechanism of condensation in 

the laser vaporization source is supposed to proceed via a spirally network of 

76 

incompletely closed carbon shells. Recently Wakabayashi et al proposed a 
ring-stacking model^ which directly leads to the understanding of the 
formation mechanism of the stable fullerenes. They assumed that a closed 
carbon cage is formed by sequential stacking with appropriate nvirabers and 
combinations of only even-numbered carbon rings without any loss of carbon 
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atoms. As shown in Fig. 1 they showed that is necessary and dominant 
molecule for the formation and closed caging of fullerenes, and 

formation terminate by sequential addition of one and three units, 

respectively. C^q and thus produced satisfy the requirement of and Dgj^ 
symmetry, respectively. 

Laser ablated plasma 

For low laser irradiation (~ 10 W/cm ) the absorbed radiation 

appears as heat which is slowly distributed throughout the material by thermal 
1-5 

diffusion. For a conducting material, the incident energy is absorbed 

within a skin depth. At slightly higher irradiation (> 10 W/cm ), depending 

on the thermal conductivity, thermal diffusivity, reflectivity of the target 

material and parameters of laser pulse, intense local heating of the surface 

1-5 

will occur resulting in a rise in the surface temperature of the material. 

As the irradiation increases, the temperature of the surface increases and a 

1/2 5 

molten pool of depth (Dr) is formed, where D is the diffusivity and x is 
the duration of the laser pulse. A further increase in the irradiation will 
cause the surface temperature of the molten pool to reach boiling point resul- 
ting in evaporation. Ibis will happen when the energy deposited is approximat- 

5 1/2 -1 -1/2 

ly equal to the latent heat of sublimation L (erg/gm) “ I x p D , where 
p is the density of the solid target and I is intensity of laser irradiation. 
Once the vapours are formed, the laser light will cause further heating by 
multiphoton ionization and inverse bremsstrahlung resulting in a high 
temperature plasma. Figure 2 shows various phenomena occurring in laser 
ablated plasma as a function of laser irradiance. According to thermal 
model, one requires that the peak surface temperature be sufficiently high 
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Fig. 1 


and forioaiions. 
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so that vaporization can occur during the laser pulse. Due to vaporization the 

target material erupts out leaving a crater on the solid surface. This 

process is known as laser ablation. The amount of material ablated/removed and 

the shape of the crater are influenced by the laser parameters. The material 
17 

removed per pulse is given by 

mass loss per unit area = 7 | dt m a P (Zirm k T) (1) 

j J J i J B 

where is the mass of species J, a is vaporization coefficient, is the 

vapour pressure, k is Boltzmann constant and T is the temperature. The extent 

78 

of vaporization per pulse is given by 

distance (nm)/pulse * (a P T*^^t / x 1.53 x 10^ (2) 

^ A 

where T is the maximum surface temperature, P is vapour pressure in units of 

A 

atm at T, M Is molecular weight, and AH. is the heat of vaporization. 

V « 

A 

Equation (2) is valid only if T is well below the critical temperature so that 

vaporization is limited to the surface. It is found that the temperature 

required for graphite to vaporize 0.04 to 1 nm/pulse (P ~ 60 atm) is about 

4000 K, whereas AlgO^ requires ~ 4800 K to remove 1.5 nm, while polymers 

17 8 

decompose in nanosecond at temperatures near 2000 K. At irradiance of 10 
2 

W/cm onto a target it is possible to produce the plasma directly due to 
direct vaporization of the solid without going through the intermediate steps. 
At low irradiance plasma emission comprises of vibrational bands from 
molecular species. In laser ablated carbon plasma, molecular carbon Swan 
band emission dominates^ ’ at low irradiances (~ 10 W/cm ), whereas at 
higher irradiance (~ 10^^ W/cm^) atomic/ionic species from C I to C V are 
observed.^*' Figure 3 Btucfiis the energy level diagram of Swan bands and 
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til 


Fig. 3 Partial Potential Energy diagram for Swan bands. 
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Figs. 4 and 5 show the partial grotrian energy level diagrams of various 

carbon transitions observed in our experiments. Recently Optical emission of 
3 3 

^2 bands (d 0^ ■■ a 0^) and CN bands produced from the etching of diamond 

like carbon films using KrF excimer laser has been reported. 

At moderate laser irradiance^ (~ 10^-10^^ M/cm^), direct ionization 
of tho target materiel t^kes place and a short lived, optically moderately 
thick hot plasma is created at the focus on the target which tends to shield 
the target surface. Dispersion relation for an electromagnetic wave travelling 

j 2 2 2 2 

through a plasma is given by w = k c where « is plasma frequency, 

/ 4itn e^ 

e_ » c the speed of light, k the propagation vector and n is the 

m ® 

e 

electron density. If an electron density gradient exists as in a laser 

produced plasma, w varies according to « « /IT , For w > w . k is real and 

p pep 

the electromagnetic wave propagates whereas for w < k is imaginary and the 

wave is not propagated. At w, reflection of laser light occurs at the 

density called the critical density n = m a^/Ane^. Most of the absorption of 

laser energy occurs at or close to n^. Laser light is absorbed in the plasma 

by an inverse bremsst rah lung process which occurs due to electron-ion 

2 

collisions In the plasma. The absorption coefficient being given by 

K, « 3.69 X 10® (2® n®/ T® ® w®)I 1 - exp(-hi;/k„T ) 1 (3) 

where 2, and T are respectively the average charge, ion density, and 
temperature of the plasma; h and v are the Planck’s constant and frequency of 
the laser light, respectively. The laser energy is highly absorbed if (K z) is 
large, where z is the distance perpendicular to the target of the expanding 
plasma. In Eq. (3) it is assumed that the plasma frequency is smaller than the 
frequency of the laser wavelength, otherwise, all the radiation would be 
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reflected by the plasma. Equation (3) shows that the rate of absorption 

depends on n^. The absorbed energy causes an Increase in the kinetic energy of 

the electrons, i.e. an Increase in electron temperature and this inturn 

produces further ionization with a consequent increase in n . Hence the rate 

of absorption and with it the rate of ionization escalates so that n 

increases further and eventually approaches n at which stage the critical 

density is established across a surface some distance into the plasma. At 

this surface the plasma becomes opaque to the incoming radiation which is 

therefore reflected outwards again and in the layers immediately in front of 

the surface (where <«>->«) the absorption coefficient becomes very large. When 

p 

the plasma becomes opaque laser radiation can no longer reach the surface of 

the target to generate new plasma by evaporation and ionization. Plasma 

growth however does not cease. Because of the heating which follows the 

absorption of energy by inverse-bremsstrahlung the plasma is driven rapidly 

away from the target surface, consequently the electron density decreases and 

81 

the laser radiation again reaches the target. In laser heated solid targets, 
the inward flow of thermal energy towards cold, high density solid regions 
)roduces a compensating outward flow of plasma kinetic energy towards lower 
tensity regions i-e. away from the solid target surface as shown in Figs. 6 
!a) and (b). These processes do not take place discontlnously but merge into a 
smooth self regulating regime with the generation, heating and expansion of 
>lasma taking place throughout the length of the laser pulse. This is the 

3 

self -similar model for the plasma expansion. The energy absorbed by the 
slectron equilibriates very rapidly so that a well defined electron 
emperature is established. The energy gained by the electrons is also shared 
rith Ions in collisions, the time required to attain equilibrivim (the 
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81 

electron - ion thermalization time) is given by 

t , = 2.52 X 10® 5 (s) (4) 

n In A 
e 

where A is the atomic mass number and In A » jo represents the Coulomb 

logarithm for the laser plasma. For laser produced carbon plasma, t^^ is 

considerably less than the duration of a Q - switched laser pulse and so a 

good degree of thermalization is expected in the plasma. 

12 2 

At higher irradiances (>10 W/cm ) the plasma is generated and 

heated to a very high temperature in a thin absorbing layer at the surface of 

the dense region and has only a small optical thickness, so the self 

regulating regime no longer exists. Absorption becomes non-col lisional and 

takes place via resonance mode conversion at critical density. The absorbing 

surface of the dense region moves into the target as a laser heated 

deflagration wave. This regime has been investigated in one dimension by 
82 

Fauquignah et al. These plasmas are used for studying dynamics of strongly 
40 24 

coupled plasmas, short wavelength lasers and for astrophysical like 
40 

plasmas. The laser ablated plasmas have quite unusual properties. The 

plasma density is extremely high compared with that of other laboratory 

17 23 -3 

plasmas. It ranges from about 10 -10 cm depending on the wavelength and 

intensity of the radiation. With temperature of about 1 keV condition close 

to those in the interior of the sun are realized. The pressure in such 

8 

plasmas reaches as high as 10 atm. These are very fast recombining plasmas 

7 9 

with a velocity of about ~ 10 -10 cm/s. 

Equilibrium in plasmas 

81 

In complete thermodynamic equilibrium (with both kinetic and 
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radiative equilibrium at the same temperature T) every atomic process 

occurring in the plasma is balanced by an equal and opposite process. In this 

case the following conditions are satisfied: (a) all particles, electrons, 

neutral species and ions obey the Maxwell velocity distribution law; (b) the 

population distributions over the states of any atom or ion are given by the 

Boltzmann formula; (c) the number of ions in stage Z relative to the number in 

stage (Z-1) is given by the Saha equation; (d) the intensity distribution of 

the radiation as a function of frequency and temperature is given by the 

Planck’s formula. All these conditions are characterized by the same 

temperature T. Rarely, especially in terrestrial plasmas is perfect 

thermodynamic equilibrium approached; the very fact that radiation is emitted 

from a plasma prevents thermodynamic equilibrium from occurring. 

The commonest plasma model is that which conforms to local 

thermodynamic equilibrium (LTE). In LTE it is assumed that collisional events, 

in particular the events involving electrons, determine the behaviour of the 

system. The collisions are assumed to be governed by the same laws that hold 

in total thermodynamic equilibrium. The temperature used is the electron 

temperature, T^, since electrons dominate the collisional process. The 

radiation distribution however is not given by Planck’s equation and radiative 

effects are assumed to play an insignificant role in determining the 

equilibrituo in the plasma. For LTE to hold the electron density must be 

81 

sufficiently high. According to McWhirter, for LTE to hold n , the number of 

© 

3 

electrons per cm must satisfy; 

^ f .^iZ mi/Z 3 tc\ 

n fc 1.6 X 10 T X > fS) 

e e 

where x Is the excitation potential (in eV) of the transition. 



19 


At low electron densities a second limiting type of equilibrlxim 
called coronal equilibrium (so called because it describes conditions in the 
solar corona) may be attained. In this case excitation and ionization occur as 
the result of electron collisions whereas de-excitation and recombination 
occur by the emission of radiation. The plasma is assumed to be optically thin 
so that re-absorption of the emitted radiation is negligible. 

Laser ablated plasma in the presence of an ambient gas 

When a fast laser-ablated plasma flows into an ambient media (Fig. 

7), Interstreaming plasma interactions, much like those fotind in many space 

40 

and astrophysical situations occur. At low background gas pressure (p < 1 

Torr) a large fraction of the ions stream through the background gas 

depositing very little of their energy. Whereas at higher pressure (> 1 Torr) 

of the ambient gas essentially all of the kinetic energy of the ions is lost 

in collisions with the background gas particles that occur within a very small 

83 

volume near the target resulting in a shock/blast wave structure. 

The Interaction of the laser plasma with the ambient gas results in 
various processes such as recombination interactions, collislonal and 
collisionless interactions, shock/blast wave interactions, microinstabilities 
in the laser plasma, turbulent interactions etc. . Various processes are 
discussed in brief below. 

Recombination process 

« 

When a positive ion collides with an electron or a negative ion, 

electron transfer between the colliding particles results in neutralization of 

84 

the charge on the positive ion, the process is known as recombination. The 
recombination can occur either due to the radiative or three body 
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85 86 

recombination. ' For the radiative recombination 


C*’"' + e - 




hy 


The radiative recombination rate R being given by 


( dn \ 

dt J " ‘ 


where a is the radiative recombination coefficient, 

n 


( 6 ) 


a ® 2.7x10“^^ cm^/s (7) 

Re 

where n and n, are the electron and ion densities, respectively; T is 

6 X G 

electron temperature in eV and Z is ionic charge. Three body recombination 

process is defined as 


C’* ♦ e ♦ e . + 


Three body recombination rate R being given by 

o 


/ dn \ 

R = f__?] = - a n, 

' I dt J ' « 1 


where a is the three body recombination coefficient 
c 

a = 9.2 X Z^ T'^^'^ln [(Z^+ 

c e 


6 , 

cm /s 


( 8 ) 


(9) 


From Eqs. (6) and (8) it follows that radiative process is important only 
close to the target and the three body recombination is a dominant phenomenon 
beyond a few mm from the target surface. 

Charge Transfer 

When an ion enters into the vicinity of a neutral/ionic particle, 
there is a finite possibility that an electron may be transferred from the 
neutral/ionic particle to the other ion and thereby exchange of charge takes 
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84 

place. This process is referred to as charge transfer and is represented by 

+ Y — > yi + Y*± hE (10) 

The quantity AE is called the energy defect in the electronic collision. The 
energy dependence of the cross section for a particular charge-transfer 
reaction depends markedly upon the magnitude of the energy defect. The 
charge-exchange rate of ions is given by the relation 

R = TX^< IMT > (11) 

where u is ion streaming velocity, cr is cross-section for the charge transfer. 

84 

The cross section for the ion-ion charge transfer interaction is given by 


4 71 2^ e^ In^ 

^(Z^.Z^) = ■ ■ — = 


2 -4 / \ 

■ • I’-r) 


( 12 ) 


where index 1 refers to the laser plasma ions, 2 to the ambient gas ions, Z is 

charge number, InA « lo is the Coulomb logarithm for the laser plasma, u the 

mean velocity of laser plasma ions, m the mass of ion and p the reduced mass 

of ions. The cross-section <r, for the conditions of our experiment is equal to 
—18 2 23 

» 10 cm . Seely et al have examined the charge exchange process in detail 
occurring between C VII and Ar III in expanding laser produced carbon plasma. 


Shock/Blast Vave 


When a powerful, short-pulsed laser beam is focussed onto a solid 
target located in a high pressure (fc 1 Torr) ambient gas, the target plasma 
rapidly expands supersonically against the background gas and a shock wave is 
formed at the plasma-gas boundary. The background gas is compressed into a 
relatively thin shell at the shock front. As the shock front expands, more and 
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more background gas Is swept up by the shock wave and the expansion velocity 

of the laser produced plasma decreases. If the ultraviolet (UV) radiation 

emitted by the hot plasma penetrates and photoionizes some of the background 

gas surrounding it, plasma shock wave may occur between the expanding laser 

produced plasma and the ionized background gas. This kind of non-steady shock 

wave is called a blast wave. At sufficiently long time after the laser heating 

of the plasma stops, the plasma/gas shock boundary moves according to blast 

87 88 

wave theory. Using Sedov’ s approach, ’ the motion of the blast wave front 
is governed by the relation, 

z = ( I (13) 

where is a constant which depends on y, the specific heat capacity of the 
expanding gas, E is the laser energy and p the density equivalent to the gas 
pressure. 

Micro-Instability 

A hydrodynamic instability called Rayleigh-Taylor instability 

89 90 

(RTI) ’ occurs at the interface when two fluids of different densities are 

accelerated in a direction perpendicular to their interface, this interface is 

stable or unstable according to whether acceleration is directed from heavier 

to the lighter medium or vice versa. The RTI causes ripples to grow in 

amplitude until the fluids interpenetrate each other as bubbles (lower density 

91 92 

fluid) and spikes (hi^er density fluid). Theoretical and e}q>erimental 

studies have shown that the conditions favoring hydrodynamic instability may 

be established during the deceleration of a propelling gas (e.g. a laser 

42 79 

plasma) at an interface. ' 

89 90 

For deriving the necessary and sufficient condition ’ so that a 
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stratified heterogeneous fluid Is stable or unstable, we consider a static 
state in which an incompressible fluid of variable density is arranged in 
vertical strata and the pressure p and the density p are functions of the 
horizontal coordinate < only. The character of the equilibrium of this initial 
static state can be determined by supposing that the system is slightly 
disturbed and then by following its further evolution. 



Let the actual density at any point as shown above as a result 
of the disturbzmce be p+5p ; and let 5p denote the corresponding increment in 
the pressure. Let « denote the small component of the velocity. The equations 
of motion and continuity are 


and 


p ^ « - V(5p) - a 5p < 
«p + 7(0 Sp) = 0 


C14) 

(15) 


where a is the acceleration and < is a unit vector. in the < - direction. 
For an incompressible fluid Ve = 0 (16) 

Using Eq. (16), we get from Eq. (15) 




2S 


a_ 

St 


Sp + V V{dp) = 


0 . 


(17) 


which ensures that the density of fluid remains constant. Writing equations 
for the components of velocity {«) i.e. u, v and w in the and 

directions respectively, we get from Eqs. (14), (16) and (17) 


and 


= - £- 5 p = - 5_5p p^ = - ^-5p - aSp 

S? difi SC “ 



(18) 

(19) 

( 20 ) 


The stability of the system means stability with respect to all possible 
(infinitesimal) disturbances. Accordingly it is necessary that the reaction of 
the system to all possible disturbances be examined. This is normally done by 
expressing an arbitrary disturbance as a superposition of certain basic 
possible modes and examining the stability of the system with respect to each 
of these modes. So, considering small perturbations described by 


= f^exp (ik^C + + ^t) 

where f^ is amplitude of the disturbance, k^, and k^ are wavevectors in the 
C, vS*. and C~directions and n is a constant related to the growth of the 
disturbance. In this system the physical variables are functions of the 
C-coordinate, hence analyzing the disturbance in terms of two-dimensional (? 
and periodic waves and ascribing all the physical quantities describing 
the perturbation a dependence on and t of the form 

exp (ik^C + ik^0 + nt) (21) 

is the wavenumber associated with the disturbance. 



where k 
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Substituting Eq. (21) in Eqs. (18)-(20), we get 




-npu, ik^Sp «= 
dw 


-npv, 5p 


-npw -aSp 


ik-u + ik.v = - ^ 

C dC 


nSp = - w 


dp 

dC 


( 22 ) 

(23) 

(24) 


Multiplying first and second part of Eq. (22) by -ik^ and -ik^, respectively, 
and making use of equation (23), we obtain 


, 2 - dw _ 

k 8p -np = 0 

From third part of Eq. (22) and Eq. (24) we get 

d - ^ a dp 

dC ^ A d<; 

From equations (25) and (26) we get 


(25) 


(26) 


d f dw., ,2 K dp 

gjCpjj) = k p„ - _ j£ w 


(27) 


Now considering the case of two uniform fluids of constant densities p and p 

X m 

separated by a vertical boundary at < ® 0, so ^ * 0 and for both regions 
of the fluid, the general Eq. (27) reduces to 


^ - k^w = 0 

dC^ 

the general solution of which is 
w = Ae"^< . Be-"^ 


(28) 


(29) 


Since w must vanish both when ^ — > -« (fluid at ^ <0) and C — (fluid at 
< > 0), we suppose, 


w, . 

= Ae-^< 


« < 0 ) 
« > 0 ) 


( 30 ) 

( 31 ) 



ZT 


The boundary conditions at an interface are w, 


an interface and 


,2 

d w 


dw 


must be continuous across 


must be bounded at an Interface. Integrating Eq. (27) 


over an infinitesimal element of < including < = 0, 

n 


J ^ “C = J - N- I ' < I «) 

<=0 C=o 


(32) 


From Eqs. (30) and (31) we get 

- kw (p ^ p ) = - 2^ (p - p ) „ 

n 

where is the common value of w at ^=0. 

From Eqs. (32) and (33) the growth of instability 

olcC 


(33) 


,87,88 


is given by 


2 ^^2 " 

B ok — = i- 


(34) 


(p2 + Pj) 


- 1/2 2 

The growth time of perturbations is proportional to (okC) . If a >0, the 

2 

interface is stable while if n <0, perturbation grows exponentially and 

interface is unstable. The growth of instability occurs in the maximum 

acceleration region. Considering the two fluids to be laser ablated carbon 

plasma and the ambient gas, a . can be estimated from the derivative of 

max 

momentum conservation equation 


4 (( » 4 t P3 ) ul = 0 


(35) 


where is the laser plasma mass, is density of laser ablated carbon 
plasma, p is density of ambient gas, u is plasma front velocity and R is the 
distance from the target, assuming Pg and are constant with time, solution 
of Eq. (35) yields 


max 



( 36 ) 
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Using Eq. (36) in Eq. (35) we get 
6 

p « 

® 2S n ^ 


(37) 


where R is the distance from the target where acceleration is maximum at 
which interface formation and instability occurs. 

Present Work 

In the present work we report the studies of laser ablated carbon 

plasma produced using Nd:YAG laser (DCR-4G, Spectra Physics) and its harmonics 

2<j» , 3u and ia at moderate and low laser irradiances in vacuum as well as in 
o’ o o 

the presence of ambient gases. Studies on characterization of laser ablated 
carbon powder ‘soot’ and laser deposited carbon films using various 
techniques are also reported. 

The details of the experimental techniques used in the present work 
are described in chapter 11. 

C3iapter III describes the results of laser ablated carbon plasma in 

vacuum and in presence of gases such as helitim, argon and air at moderate 
79 

intensities. A NdtYAG laser was used for plasma production. Assuming the 
plasma to be in local thermodynamic equilibrium electron temperature is 
estimated from the line intensities of various transitions. The estimated 
temperature is in the range 2 s k T s 10 eV. The electron density is 
estimated by measuring the stark width of C II transition 3p “ 4s at 
392.0 nm. The temporal profiles of C II, C III and C IV species were recorded 
to estimate the velocity of the plasma front. In the presence of helium and 
argon gases, the role of recombination in enhancing the line emission of 
various ionic species is discussed. An appearance of a peculiar double peak 
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structure In the temporal profiles of the C II transition 3d D - 4f F at 

426.7 nm In a laser produced carbon plasma as it expands into a background 

medium is reported. It is proposed that at the interface region between carbon 

ions and background gas due to density fluctuations, Rayleigh-Taylor 

instability may occur in the laser plasma front which leads to stratification 

of the plasma into fast and slow components. 

Chapter IV gives the details of the studies of laser ablated carbon 

46 93 

plasma at low laser irradiances. ’ C^, Swan band emission spectra were 

recorded using various laser wavelengths at various laser intensities in 

_3 

vacuum and at various helium gas pressures in the range 10 to 100 Torr. The 

presence of helium gas increased the intensity of the emitted spectrum and all 

band heads. The vibrational temperature calculated from Swan band heads is 

found to be in the range 6000 K to 12000 K. Temperature and the velocity of 

the C 2 species decrease with the increase in helium pressure. It is found that 

shorter laser wavelength irradiation produces higher vibrational temF>erature 

94 

at all helium pressures. 

In Chapter V we report the presence of carbon clusters (fullerenes) 

in laser ablated carbon soot and pulsed laser deposited carbon films obtained 

95 96 

from vaporization of graphite in a helium atmosphere. ’ X-ray, UV-visible 
and infrared spectroscopy and scanning electron microscopy were used to 
characterize the carbon clusters. 


Chapter VI summarizes the results of the present work. 



CHAPTER II 


EXPERIMENTAL TECHNIQUES 

An overview of laser ablated plasmas is presented in Chapter I. We 

studied pulsed laser ablated carbon plasma in vacuum and in the presence of 

46 79 93 94 

air, helium and argon gases at low and moderate laser irradiances. ’ ’ ’ 

A Nd.-YAG laser (Spectra Physics, DCR-4G) and its harmonics were used to 

produce carbon plasma. Spectroscopic studies of ionic, atomic and molecular 

sf>ecies of carbon were conducted. The parameters like temperature, density and 

expansion velocity of the carbon plasma are estimated. In the presence of 

79 

ambient gases, various interaction processes are investigated. At low laser 

irradiance, plasma emission was found to be dominated by various molecular 
46 93 94 

bands. ’ ’ The vibrational temperature is estimated at various helium 

pressures using intensities of C2 Swan bands. Some studies on characterization 
of laser ablated carbon powder ‘soot’ and laser deposited carbon films were 
also carried out.^^’^^ 

A Q Switched Nd:YAG laser and its harmonics (2u, 3« and Aw) 

were used to produce plasma for laser ablation studies. It is capable 
of delivering energy upto 1 J in 2.5 and 8.0 ns (FWHM) pulse at fundamental 
with a repetition rate of 10 pulses per second. The laser has a guassian 
limited mode structure, the beam divergence being less than 0.5 mrad. The 
pulse width of harmonics scales as pulse width of 1.06 /m divided by •/ 2 . The 
energy of the laser was monitored using a laser power meter (Ophir Model 30 
A) by placing the power meter in the path of the main beam. Laser 
energy was varied by changing the voltage on the laser oscillator and 
amplifier. Burn patterns taken at different energies show no significant 
variation in mode pattern. The pulse duration was measured with a fast photo 
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diode (Antel, Model As-2, rise time < 35 ps) as shown in Fig. 8. The output 
from the detector was displayed on the oscilloscope (Tektronics, 11302A) which 
was triggered externally with a Q-switch synchronous pulse from the YAG laser. 
The output signal was digitized using digitizing camera (Tektronics DCS 01) 
attached to the oscilloscope. Digitized signal was fed to a personal computer 
for further data processing. Typical temporal profile of 8 ns (FWHM) laser 
pulse at 1.06 pm is shown in Fig. 9(a) and that of 1.8 ns (FWHM) at 0.532 pm 
corresponding to 2.5 ns (FWHM) at fundamental is shown in Fig. 9(b). In Fig. 
9(b) two peaks around the main pulse are equally spaced beats. The separation 

between the beats is the cavity round trip transit time. Various harmonics 

» 

were generated using Type II phase matched KD P crystals. Second, third and 
fourth harmonics were separated from the fundamental using the prism harmonic 
separator (PHS-l). The layout of prism harmonic separator is shown in Fig. 10. 
For separating the harmonics from the fundamental, the Pellin-Broca Prism 
(P-1) was adjusted so that the incident beam passes through the centre of it 
and directs 1.06 and 0.532 pm beams through the roof prism (P-2) into the beam 
dximper. It was ensured that the 0.532 pm beeim also passes through the centre 
of the half wave plate. The prisms P-4 and P-3 were inserted in the paths of 
1.06 and 0.532 pm to get the separated outputs from the output windows. In 
order to separate third harmonic from the fundamental (1.06 pm) and second 
harmonic (0.532 pm) the prism P-1 was adjusted xintil the 0.355 pm beam passes 
through the centre of the half wave plate and strikes th6 metalplug 
next to the beam dumper. Output was taken by moving prism P-3 into the 
path of 0.355 pm beaus so that it passes through the centre of the output 
window. The fourth harmonic (0.266 pm) was separated from the ‘other three 
harmonics after replacing the prisms P-1 and P-3 by quartz prisms. The quartz 
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Trigger signal 


Nd; YAG-Laser; A-Attenuator; PD-Photodiode; O-Oscilloscope; PC-Personal 
computer; P-Pr inter. 


Fig. 8 Experimental set up for measurement of pulse width of Nd:YAG 


laser and its harmonics. 
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prism P-5 acts as roof prism P-2 in directing the fourth harmonic on to the 
output prism P-3 which was adjusted to get the beam at the centre of the 
output window. While looking for harmonics care was taken to direct the unused 
fundamental (1.06 pm) and 2nd harmonic (0.532 pm) beam into the beam dumper. 

The experimental set up used for ablation studies is shown in Fig. 
11. The laser beam was focussed on to the graphite target rod of 1 cm diameter 
attached to the target holder in a target chamber using a lens. To avoid 
crater formation, the target was continuously rotated and translated with the 
help of an external stepper motor so that each laser pulse falls on fresh 
graphite surface every time. The target chamber is of mild steel, chrome 
coated from the inside and has three output ports. One of the three output 
ports was used for laser input and the other two, perpendicular to the laser 
input port were used for recording the spectrum and for viewing the plasma. 
Quartz windows were pressed in vacuum on to the ports by 0-rings contained in 

—3 

the flanges. The target chamber was evacuated to a pressure better than 10 
Torr using a rotary pump and an oil diffusion pump. Experiments were carried 

-3 

out using helium, argon and air in the pressure range 10 - 100 Torr as 
background gases. A thermocouple gauge, an oil manometer and a pressure gauge 
(0 - 125 Torr) were used to monitor the pressure in the chamber. Gas was fed 
into the target chamber from the gas cylinder through a needle valve connected 
to the target chamber. The system was purged with the gas to be used several 
times before taking any data. The gauges near the target chamber were used to 
monitor pressure of the gas. The plasma radiation emitted from the target was 
imaged on to the entrance slit of monochromator (Jobin Yvon, HRS-2) with a 
lens of focal length of 12 cm so as to have one-to-one correspondence with the 
plasma aixl its image onto the slit of monochromator. The monochromator was 
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Nd;YAG- Laser; HG-Harmonic Generator; PHS-Prism Harmonic Separator; 

-Reflecting mirror; jLg-Lenses; W-Window; M-Motor; T-Target; 
P-Pressure Gauge; N-Needle valve; C-Target Chamber; 

MC-Monochromator; PMT-Photomultiplier tube; MCS - Microprocessor 
controlled scan system; CR-Chart recorder; CRO-Oscilloscope; 
PC-Personal Computer; 

[ Inset shows the expanding plasma as seen by the monochromator slit] 


Fig. 11 Experimental set up for spectroscopic studies of laser 
ablated carbon plasma . 
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continuously tuned using a microprocessor controlled scan system. The output 
from the monochromator was detected with a photomultiplier tube (Hamamatsu, 
1P28) and recorded on a strip chart recorder or displayed on the oscilloscope. 
The signals were digitized using digitizing camera and fed to a personal 
computer for data processing as described earlier. Experimental setup used for 
deposition of carbon films is shown in Fig. 12. The laser radiation was 
focussed using a cylindrical lens of 30 cm focal length on to the horizontal 
graphite rod. The carbon films were deposited on glass and silicon substrates. 
The substrate holder was kept parallel to the surface of target. 

Diagnostics of laser ablated plasma 

The techniques usually employed to measure the plasma parameters 

such as electron temperature, electron density and expansion velocity are 

listed in Table 1. We used the relative intensities of spectral lines to 

79 98 

measure the electron temperature, ’ Stark broadened profile of a transition 

79 99 

for electron density * and temporal profiles of laser ablated plasma for 

79 99 

expansion velocity of the plasma front. ’ However, for low laser irradiance 

94 

vibrational temperature was estimated from Swan band head intensities. 

Electron tenqperature 

Relative intensities of lines from a given state of ionization can 

79 98 

be used to calculate the electron temperature. ' Assuming the plasma in 
local thermodjmamic equilibrium the temperature of the plasma can be estimated 
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Nd: VA6 
Laser beam 


Fig. 12 Experimental set up used for deposition of carbon films. 
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Table 1 

Experimental techniques used for plasma diagnostics 

Laser irradiance Plasma parameter Diagnostics 

79 98 100 

Line intensity measurements ’ ’ 

36 3T 

Electron Time of flight measurements ’ 

Temperature Doppler profile measurements^^^ ’ 

103 

Langmuir probe measurements 

Moderate Spectroscopic techniques 

lO^^-lO^^ W/cm^ Electron (a) Stark broadening^^’ 

35 102 

Density Cb) Resonance absorption * 

Cc) Laser-induced fluorescence^^’ 
Optical interferometry^^^ 

Langmuir probes'^^ 

79 99 

Expansion Temporal profiles ’ 

36 37 

Velocity Time of flight measurements ’ 

102 

Temperature measurements 

Low Vibrational Swan band head intensities^^ 

8 9 2 

10 - 10 W/cm Temperature 
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using the relation 


100 


In 




In I constant! 


k T 
B e 


(38) 


where i and j are the upper and lower state of the various transitions used^ 

respectively; is wavelength, is the intensity and Aj^j is the 

transition probability of the corresponding transition, and g^^ are the 

excitation energy and degeneracy of the upper state, respectively, k is the 

Boltzmann constant and is electron temperature. These parameters are 

107 

available in the literature. The slope of the curve In ) 

against gives the electron temperature. The estimated electron 

79 

temperature lies between 2-10 eV. 

Electron density 

The stark broadened transitions for which the stark-broadening 

coefficients have been measured or calculated, can provide information on 

electron densities. The relevant data is available in the literature. 

Stark-broadening occurs due to perturbation of the energy levels of an atom or 

ion by the changing electric fields occurring in a collision with a charged 

p>artlcle- The line profiles were recorded keeping the monochromator resolution 

to maximum. Observed lines were fitted to Lorentzian profile with true half 

101 

width being given by 

M,. = AX - AX, . . (39) 

true observed instrument 

101 

AX of a line (FWHM) being given by 
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AX •» 2W 




1/4 


xCl-1.2Nj^"^^^)W 



(40) 


First term in Eq. (40) gives contribution from electron broadening and second 
term is the ion broadening correction; W is the electron impact parameter 
which can be interpolated at different temperatures and A is the ion 
broadening parameter, both W and A are weak functions of temperature, n is 
electron density and Np is number of particles in Debye sphere given by 


Np = 1.72 X 10^ 


[T(eV)3^^^ 

(n (cm 
e 


(41) 


Eq. (40) is valid only if Np a 1 and 0.05 < < 0.5. Using our 

17 3 

measured temperature of 3 eV and density ~ 1.2 x 10 /cm , we get the number 
of electrons in the debye sphere equal to 25 and the parameter A(n /lO^^)^^^ 
equal to 0.07. Thus using Eq. (40) for density measurement is justified. 
Since ion broadening correction for laser ablated carbon plasma is much 
smaller than the electronic contribution, Eq. (40) further simplifies to 


AX * 2W 



(A) 


(42) 


We have used Eq. (42) for calculation of electron density for C II transition 

2 0 2 79 

3p P - 4s S at 392.0 nm. Electron density using 1.06 pm laser radiation is 

found to be lO^^-lO^^ /cm^ . 


Plasma expansion velocity 

Temporal profiles of various transitions were recorded at different 
distances from the target for estimating the expansion velocity of ablated 
plasma. The slope of the curve for the variation of delay in the peak 
Intensities with distance from the target gives the velocity of the plasma 
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front. The expansion velocities of C II, C III and C IV species are found to 
be about 4 x 10 , 7 x 10 and 10 x 10® cm/s, respectively.^^ 

Vibrational Temperature 


The Swan band head intensities were used to estimate the 

vibrational temperature. The band spectrum being rotationally unresolved, we 

have used band head intensities for estimating the vibrational temperature 

of bands. The relative population in each vibrational level can be 

found using theoretical Franck-Condon factor^^ ^v'v" 
y* y* * 

intensity observed at frequency v. 


C I 


«v' 


em 




(43) 


where C is a constant and represents the correction factor for the 
detection system, v' and v^' are the vibrational levels of the upper and lower “ 
electronic states, respectively. Since in thermal equilibrium the population 
Ny, of the initial state is proportional to exp [ -G(v')hc / we have 


N , 
v' 


N 


v'«o 


exp 


•lG(v' )-G(v'=o)]hc 
8 vib 


(44) 


where G(v' ) is term value of the upper vibrational level v' , k is the 

B 

Boltzmann constant and Tyjjj is the molecular vibrational temperature. We have 
used the Frank-Condon factor from Spindler. Slope of the curve between the 
relative population of the upper vibrational level as derived from the 
measured intensities and vibrational quantum nianber gives vibrational 
temperature. The vibrational temperature frc«R Swan band head intensities 
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was calculated at various helium pressures and laser wavelengths. The 

94 

estimated vibrational temperature lies between 6000 and 12000 K. 

Chairacterization of laser ablated carbon soot and deposited film 

Table 2 lists the various experimental techniques used to 

characterize and study the carbon clusters mainly fullerenes from laser 

ablated soot and deposited film. We have used X-ray diffraction and Scanning 

electron microscopy to characterize the pulsed laser deposited carbon film on 

silicon and glass substrates. UV-visible and Infrared spectroscopy were used 

95 96 

to characterize fullerenes from laser ablated carbon soot. ’ 

X-Ray Diffraction 

The structural properties of the deposited carbon films were 

investigated by X-ray diffraction using an X-ray Diffractometer (Rich & 

Seifert, JSO-debyef lex 2002) in order to determine crystalline orientation. 

Diffraction leads to maxima in the intensity of the scattered X-rays and the 

position of the maxima gives information about the size and shape of the tinit 

cell whilst the width of the maxima can be used to evaluate the size, 

108 

orientation and strain of grains in polycrystalline materials. Peaks 

observed at 10. 3**, 11**, 17.9® and 21® show the presence of (100), (002), (110) 

96 

and (112) crystalline planes of C^q, respectively. 

Scanning Electron Microscopy 

Scanning electron microscopy (SEM) is usually used to study the 
variation in the surface structure and to examine the topography of the 
deposited carbon films. We used Scanning Electron Microscope (JEOL, JSM 840A) 
to study the surface morphology of the film. SEM photographs show that in 



Table 2 


Techniques used for characterization of carbon soot 
and deposited carbon films. 


71 109 

Mass Spectrometry ’ 

71 73 109 

X-Ray Diffraction method 

Nuclear Magnetic Resonance 

UV-Visible Absorption Spectroscopy"^^ ' 

71 109 

Infrared Spectroscopy ' 

71 

High Performance Liquid Chromatography (HPLC) 

71 109 

Raman Spectroscopy ’ 

71 110 

Scanning Electron Microscopy ’ 

71 

Transmission Electron Microscopy 
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vacuum the assemblage of hexagonal crystals is dominated whereas in the 

presence of helium gas spherical aggregates of carbon similar to the structure 

96 

of CgQ and dominate, 

UV- visible and Infrared spectroscopy 

We used a UV-visible spectrometer (Shimadzu, UV 160) for recording 

optical absorption spectrum of the n-hexane / benzene dissolved carbon soot. 

The peaks in the optical absorption spectrum in the range 200-450 nm show the 

presence of fullerenes in our collected soot.^^’^^ 

Infrared spectrometers (Perkin-Elmer, 1320 and 1600 Series FTIR) 

were used for recording IR spectrum of the benzene dissolvable carbon soot 

deposited on KBr pellets. The prominent modes in the IR spectrum show the 

95 96 

presence of C^q and clusters. ’ 



CHAPTER III 


LASER ABLATED CARBON PLASMA AT MODERATE INTENSITIES 
INTRODUCTION 

The focussed high-intensity laser radiation onto a solid target in 

111 112 

vacuum or ambient gas creates a hot dense recombining plasma. ' The 

interaction of an expanding plasma with an ambient background has been the 

112 113 114 115 

subject of numerous experimental ’ ’ and theoretical investigations 

where it is shown that both plasma effects and atomic and molecular phenomena 

play mauay important roles in the formation of transient plasma. The studies 

40 

are aimed at modelling of various processes in space physics, plasma 

12 21 22 
chemistry and hydrodynamics of the expanding plasma. ’ Laser ablated 

plasmas in metals in the presence of background gas have been used in the 

recombination phase for generation of laser oscillations^^^'^^"^ and as strong 

118 119 

x-ray and vacuum ultraviolet sources. ’ Detailed studies on the temporal, 

spatial and spectral characteristics of laser produced carbon plasma have been 

120 

reported by Lee et al. Laser ablated carbon plasma in an ambient gas has 

74 42 121 

been used for deposition of on various substrates. Anan’in et al ’ 

have investigated the interaction of a laser plasma with the backgroxmd gas in 

-3 

the pressure range 10-1 Torr of air using spectroscopic and high speed 

photographic methods. Enhancement of line emission from a laser produced 

38 39 122 

plasma in a background gas has also been reported. ’ ’ 

Here we report spectroscopic studies of laser ablated carbon plasma 

79 

in vacuum as well as in the presence of ambient gases. The role of 
recombination aixJ charge exchange processes in enhancing the line emission of 
various ionic species of carbon in the presence of ambient gas is discussed. 
The appearance of a peculiar double peak structure in the teaqsoral profile of 
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the C II transition 3d D-4f F at 426.7 nm In a laser produced carbon plasma 
as It expands Into a background medium Is reported for the first tlme.^^ These 

studies are helpful In the diagnostics of the plasma gas interaction 

42 121 11 

regime, ’ in laser microspectral analysis and in the development of 

X-ray'®'^^ and UV lasers. 

EXPERIMENTAL SET UP 

Experimental set up used in the present study is similar to the one 
shown in Fig. 11. A Nd:yAG laser with gaussian limited mode structure (1.06 
pm) delivering upto 1 J of energy in 2.5 ns (FWHM) with a repetition rate of 
10 pps was used to produce the carbon plasma. A 50 cm focal length lens 
focussed the laser beam onto the rotating graphite target to a spot of 240 pm 
diameter. Ebcperlments were carried out for various background gases namely, 

-3 

air, argon and helium, at different pressures in the range 10 -100 Torr. The 

data acquisition system used is already described in Chapter II. 

RESULTS AND DISCUSSION 

The emission spectra of carbon plasma in the wavelength range 

190-800 run in vacuum as well as in the presence of helium and argon gases were 

recorded at different distances (z) away and parallel to the target surface 

by moving the monochromator on precision translators in the horizontal plane 

in the direction perperxiicular to the direction of the expanding plume. The 

inset in Fig. 11 shows the z variation. It was made sure that the background 

123 

gas does not breakdown and absorb the laser radiation. Spectra were 
recorded at various laser intensities and laser wavelengths. It was found that 
at moderate laser intensities ~ 10^-10^^ W/cm^ atomic and ionic species 
dominate the plasma emission. Figure 13 shows a typical emission spectrum in 
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-g. 13 Typical emission spectrum in the wavelength range 190-800 nm 

11 2 

in vacuum at 8 x 10 V/on using 1.06 pm laser irradiation; 
(a) Spectrum range 190-320 nm. 
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Fig. 13 Typical emission spectrum in the wavelength range 190-800 ran 

11 2 

in vacuum at 8 x 10 V/cm using 1.06 /im laser irradiation; 
(b) Spectrum rai^ge 320-450 xm. 
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Typical emission spectrum in the wavelength range 190-800 nra 
in vacuum at 8 x 10^^ V/ca? using 1.06 /im laser irradiation; 
(e) SpectriHB range 670-800 nm. 


Fig. 13 
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Fig. 13 Typical emission spectrum in the wavelength range 190-800 nm 
in vacuum at 8 x 10^^ W/cm^ using 1.06 jjm laser irradiation; 
(e) Spectrum range 670-800 nm. 
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the wavelength range 190-800 nm in vacuum at laser intensity 8x10^^ W/cm^ 

and at a distance of 2 wn away and parallel to the target surface using 1.06 

pm laser irradiation. The spectra were dominated by continuum radiation close 

to the target. The emission lines were identified using the information 

107 

available in the literature. We observed the transitions upto C V. 

Emission spectra were recorded at various distances (z) away and 
parallel to the target surface. Every point in the figure to follow is an 
average of five observations. Figure 14 shows the normalized emission 
intensity for transitions 2p^ S - 3s at 193.1 nm of C I, 3p - 5d 
at 213.7 nm of C II and 3d - 4f at 192.3 nm of C III species as a 
function of distance from the target for 1.06 pm laser irradiation in vacuxim. 
It is observed that for C III species the line intensity peaiks at 3 mm from 
the target surface and decreases rapidly as z increases whereas for C II and C 
I species the intensity is maximum at z == 4 mm from the target and decreases 
slowly as z increases. That is to say that the intensity of higher species 
decreases rapidly as they recombine to give lower species. 

2 2 0 

Temporal profiles were recorded of the transitions 3d D- 4f F at 

426.7 nm of C 11, 3s V 3p V at 465.0 nm of C III and 3s V 3p at 

580.1 nm of C IV at different distances away and parallel to the target 

surface in vacuum and ambient gases to estimate the velocities of different 

species. For each reading average of fifty profiles was taken by using the 

averaging system. Figure 15 shows the variation of delay in the peak intensity 

with distance from the target surface for 1.06 pm laser irradiation in vacuum. 

(pressure better than 10 Torr) the slope of the curve gives the velocity of 

the plasma front. The expansion velocities of C II, C III and C IV species 

6 6 '6 

are foumJ to be about 4x10 , 7x10 and 10x10 cm/s, respectively. Thus the 

A 



Normalised Intensity (arb. units) 


P $ 10 Torr 



Distance from the Target (mm) 


Fig. 14 Normalized emission intensity as a function of distance from 

the target for transitions 2p^ - 3s at 193.1 nm of 

” 3 3 0 

C I, 3p - 5d at 213.7 nm of C II and 3d D - 4f F 

at 192.3 ran of C III species in vacuvon. 
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Fig. 15 Variation of time delay in the peak intensity with 
distance from the target for 1.06 pm irradiation at 8x10 
2 

M/cm in vacuum 

(a) C II transition ( 3d - 4f ) at 426.7 nm. 

(b) C III transition ( 3s - 3p ) at 465.0 nm. 

(c) C IV transition ( 3s - 3p ) at 580.1 nm. 
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expansion velocity decreases with decrease in ionic charge from C IV to C II. 
Figure 16 shows the variation of delay in the peak intensity with distance 
from the target for C 11 transition 3d - 4f at 426.7 nm using 1.06 pm 
irradiation in the presence of helium, argon and air at 10~^ Torr. The 
expansion velocities in presence of helium, argon and air are found to be 
about 8.2x10 , 7.3x10 and 7.5x10^ cm/s, respectively. Expansion velocity was 
maximum for helium and approximately same for argon and air. Thus expansion 
velocity of the plasma front decreases with the increase in atomic mass of 
the ambient gas. The temporal profiles of C III transition 3d - 4f at 


216.3 nm were recorded at different distances and at various argon pressures. 
Figure 17 shows the variation of time delay in the peak emission intensity at 
various distances and for various argon pressures for 1.06 pm laser 
irradiation. The velocity of plasma emission front decreases with the 
increase in gas pressure. 

Electron temperature was calculated using Eq. (38). Figure 18 shows 


a typical plot of against In 




IJ IJ 


11 2 

for I = 8x10 W/cm and at 2 mm 


[ Ajj gjj 

distance from the target surface for 1.06 pm laser irradiation. The slope of 

the curve gives electron temperatures of “4, 6, and 7 eV for C II, C III and 

C IV species, respectively; electron temperature increases with higher 

ionic charge. Figure 19 shows temperature of C II and C III species at various 

distances away from the target surface. Electron temperature decreases at 

increasing distances from the target and decreases faster for C III species in 

comparison to C II species with distance. Figure 20 shows dependence of 

electron temperature on laser intensity for C III and C II species. We observe 

0.4 

that temperature varies for C II, C III and C IV species as I 
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Fig. 17 Variation of time delay in the peak emission intensity with 
distance from the target for various argon pressures. 
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Fig. 19 Variation of electron temperature for (a) C II and (b) C III 
species with distance from the target in vacuian. 
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with I dependence predicted from theory. 

Stark broadened profile of C II transition 3p - 4s at 392.0 

nro was used to estimate the electron density. A typical stark broadened 

profile at a distance of 8 mm away and parallel to the target surface when 

pressure of the chamber was better than 10*^ Torr using 1.06 pm laser 

irradiation is shown in Fig. 21. Electron density measured using the relation, 
16 17 "“3 

Eq. (42) is 10 -10 cm . In order to estimate densities at various 

pressures, the variation of stark broadened profile with pressure of the 

background gas (helium and argon), was carried out. Figure 22 shows an axial 

density profile for C II species in the presence of helium and argon gases at 

0.1 Torr for 1.06 pm laser irradiation. 

For measuring electron temperature, we assumed plasma to be in local 

thermodynamic equilibrium (LTE). For LTE to hold the electron density must 

satisfy Eq. (5). Using &E « 2.66 eV, corresponding to the largest energy gap 

of the transitions used for temperature measurements and highest (= 8 eV), 

15 3 

the lower limit for n from Eq. (5) is 9.17x10 /cm . Our observed values of 

n being always greater than this limit justifies the use of LTE 

cs 

approximation for our analysis. 

Laser ablated carbon plasma studies in the presence of helium and 
argon gases using 1.06 pm laser irradiation indicated the line emission 
enhancement of various ionic species of carbon. Every point in the figure to 
follow is an average of five observations. Figure 23(a) shows the variation of 
line intensity of C I transition 2p - 3s with distance from the target 

-3 

at various helium gas pressures ranging from 10 Torr to 10 Torr* It is 
observed that line Intensity is more in presence of helium gas than that in 
vacuum# Intensity of C I species increases idien helium pressure is increased 
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Fig. 21 Typical stark broadened profile of C II transition 
3p ^®-4s at 392.0 nn for 1.06 psi irradiation in vacuum 



0.1 Torr Gas Pressure 



Distance from the Target (mm) 


Fig. 22 Electron density of C 11 transition 3p V - 4s S at 392.0 
nm as a function of distance from the target at 0.1 Torr 
pressure of helium [open squares] and argon [open circles]. 
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-3 

from 10 to 1 Torr but decreases for 10 Torr. In vacuum, the plasma expands 

freely where as in the presence of background gas plasma is confined to a 

smaller region which results in reduced expansion rate and hence enhanced 

cooling rate. The rate of change of electron temperature is sum of the three 
125 

terms viz. the elastic collision, electron heating due to collisional 
de-excitation of metastable ions and recombination of ions. The rate of loss 
of electron energy is dominated by the elastic collision term Q^.^. given by 



2m <r p« 
e ea^2 


M. 



(45) 


where <r is the elastic scattering cross-section between the electrons and 
the atoms, p 2 is the density of background gas and is the mass of the 
background gas atom. It follows from Eq. (45) that cooling is inversely 
proportional to M and hence lighter gas, helium in our case, is efficient for 

P 

rapid cooling. It is also observed that as the gas pressure increases beyond a 

certain value, 1 Torr in our case, the enhancement slows down. Similar 

38 

behaviour has also been observed for A1 I transition in N 2 gas. Figure 23(b) 

3 3 0 

shows the variation of line intensity of C III transition 3d D - 4f F with 

distance from the target. It is observed that as the gas pressure is increased 
-3 

from 10 to 1 Torr the intensity increases and peaks at about 3 mm from the 
target but increasing pressure from 1 Torr to 10 Torr decreases the line 
intensity. 

The studies were also done with argon as a background gas. Figure 
24(a) shows the intensities of C I transition 2p - 3s at 193.1 nm, C II 
transition 3p V - 5d at 213.7 nm and C III transition 3d - 4f ^F° at 
192.3 nm at a distance of 4 »ai frcm the target at various argon pressures. 







Inten»ity (orb. units) Intensity (orb. units) 




Fig. 24 Intensity ef C I ^ D - 3s p at 193.1 ran, c II 

transition ^ ^ at 213.7 ran and C III transition 

3d ^B-4f ^F® at 192.3 raa at a distanace of (a) 4 ran and (b) 
8 SBi from tbe target surface. 
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For C I and C 11 species intensity increases rapidly upto 0.1 Torr and 

decreases slowly beyond 0.1 Torr. Whereas, the intensity of C III line 

decreases rapidly after 0.1 Torr of argon gas pressure, decaying completely at 

100 Torr. Figure 24(b) shows the intensities of C I, C II and C III lines at a 

distance of 8 mm from the target at various argon pressures. It is observed 

that the intensity of C III transition is almost insignificant after 1 Torr of 

argon pressure. This shows that presence of background gas affects higher 

species most. He observed a significant enhancement of the intensity of C III 
1 10 

transition 3d D - 4f F at 216.3 nm in the presence of argon gas. Figure 25 
shows the intensity variation of C III transition at 216.3 nm with distance 
from the target at various argon pressures. It is observed that the intensity 
of line attains a maximum value at a pressure of about 1 Torr at 4 mm from the 
target surface and then decreases with further increase in pressure upto 100 
Torr. The decrease of Intensity at high pressure is due to very high cooling 
rate. We observed more line enhancement for this transition in the presence of 
argon than in the presence of helium gas. 

The significant enhancement of emission lines in the presence of 
background gas Indicates an important role of interaction processes between 
the ambient gas and the plasma. The interactions which can result in 
populating the upper state could be collisional excitation, charge-transfer 
and the recombination process. To explain our observation, we discuss each one 
of the three possibilities. The collisional excitation from the ground state 
requires very large excitation energy to populate the upper states. Hence the 
possibility of collisional excitation process playing the main role in 
enhancing the observed line emission is very less. Charge transfer between the 
plasma ions and the atoiK of the background gas can also populate the excited 
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Intensity variation of C III transition 3d - 4f at 

216.3 na with distance from the target at various argon 

pressures. 


Fig. 25 
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states. The cross'-section calculated for the interaction of ambient gas and 

plasma ions from Eq. (12) is of the order of <r « 10 cra^. For the expansion 

velocity of the plasma front of the order of 10^ cm/s, calculations of the 

charge transfer cross-section and rate show that this process can not be a 

dominant process. Moreover, the small difference in the charge state of the 

plasma ions and the gas atoms reduces the probability of charge transfer. It 

is found that three body recombination process is much more likely to occur in 

the presence of background gas. The density of carbon plasma decreases on 

expansion but still a significant rate df the three body recombination (Eq. 8) 

can exist at distances of few mm due to simultaneous reduction in temperature 

of the adiabatically expanding carbon plasma. The rate of the three body 

recombination, however, decreases at much larger distances where the 

126 

recombination heating becomes important resulting in a slow decrease of 

8S 86 

temperature during expansion and leading to freezing of the ionization. ’ 

The background gas essentially provides a heat sink so that the recombination 

127 

process can continue for a longer period. Theoretical estimates suggest 
that a background gas at a pressure of 0.1-10 Torr can significantly increase 
the cooling rate of electrons in the plasma region at 1-10 mm away from the 
target. Excitation of the background gas results in reducing the electron 
energy thereby increasing collisional cooling. Hence from Eq. (45) the role of 
the background gas lies in increasing the cooling rate of the plasma in the 
expansion region. Enhanced cooling of the expanding plasma increases the three 
body recombination rate, resulting in populating the excited neutral and ionic 
carbon species in the presence of background gases. Hence the three body 
recombination process is mainly responsible for the observed enhancement of 


the emission lines. 
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Double peak structure 

The spatial and temporal characteristics of various ionic states at 
various pressures of air. helium and argon gases were studied using 1.06 pm 
laser irradiation. An interesting feature observed is the appearance of a hump 
in the temporal profile for the transition 3d - 4f of C II at 426.7 nm 
at distances far away from the target surface (z greater than 8 mm) at 

_3 

pressure equal to or better than 10 Torr in the chamber. A single peak is 
observed for distance less than 8 mm. On increasing pressure in the chetmber 
the hump takes a very distinct shape and the profile appears as a double peak 
structure at 0.1 Torr. Further increase in background gas pressure decreases 
the onset distance for the double peak structure. Figure 26 shows the effect 
of air pressure on the shape of the temporal profiles at 0.1 and 1 Torr. The 
second peak appears at a distance of 8 mm and 5 mm, respectively from the 
target at 0.1 and 1 Torr air pressure. Similar effect is observed when helium 

-3 

and argon gas are used as background gas. At low pressure i.e. 10 Torr of 
helium gas, a single peak is observed upto about 2 cm away and parallel to 
the target surface. For pressures 0.01, 0.1 and 1 Torr, the peak remained upto 
1.8, 1.2 and 0.9 cm, respectively, from the target surface. Beyond these 
distances a hump like structure which eventually changes to a distinct double 
peak structure was observed. The onset distance for the second peak decreased 
with increase in pressure upto 1 Torr. The onset distance for the second peak 
decreased in the presence of argon gas, being less than that observed in 
helium background. However, the second peak disappears on further increase in 
the pressure beyond 1 Torr. Figures 27(a) and 27(b) show the shape of temporal 
profiles at 0.1 Torr pressure of l^liisa and argon gas, respectively at various 
distances. Tlw variation of delay in the peak intensities for the first and 





Fig. 26 Influence of the background gas (air) pressure on the shape 

2 2 0 

of the tewporal profiles of C II transition 3d D - 4f F 
at 426.7 lOB at pressfures (a) 0.1 and (b) 1 Torr and at 
different distances fro® the target surface. 
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Fig. 27 Shape of the tesq^oral profiles of C II transition 
3<i ^ - 4f at 426.7 raa at O.i Torr of (a) helium and 
(b) argon at different di«S*tancee£ > ' 
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second peak at different distances from the target for various pressures of 
air, helium and argon gases is plotted in Figs. 28(a), (b) and (c), 
respectively. The slope of the curves shows that second peak is decelerated 
fast whereas the first peak accelerated slowly with the increase in gas 
pressure . 

In general, the existence of the above structure could originate 

from processes like (a) electron-ion recombination interactions within the 

plasma, (b) collisional interactions between the expanding ions and ambient 

gas molecules, (c) blast/shock wave interactions and (d) stratification of the 

plasma due to instabilities occurring at the interface between laser plasma 

79 

and the ambient gas. Calculations of rate coefficients show that radiative 

and three body recombination are not dominant phenomena. Moreover, these 

processes cannot explain a sudden rise of second peak in the temporal profiles 

at a particular distance. We have not observed the increase in the intensity 

of the emission line at distances where second peak appears in the temporal 

profiles, hence the phenomenon cannot be explained on the basis of 

recombination interactions. Interaction like resonance charge transfer is a 

28 

velocity dependent one. In our experiment, we find that the faster 
components have velocities an order of magnitude less them that reported by 
Dixon et al which makes the resonance charge transfer process a less probable 

OQ 

one in our case. Dixon et al have shown that the charge transfer is dominant 
for the transitions originating from n = 4 levels whereas we found that the 
double peak structure is pronounced for C II transition originating from n = 4 
excited state at 426.7 na, but the effect is not observed for the transitions 
at 407.4 na aoid 588.9 nm which also originate from n = 4 levels. We also 
observed the double peak structure for lines originating at n = 2 and 3 levels 
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Variation of time delay in the peak intensities for the 

2 2 0 

first and second peak of C II transition 3d D - 4f F at 
426.7 ran at different distances for various pressures of (a) 

air. 


Fig. 28 
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Fig. 28 Variation of time delay in the peak intensities for the 

2 2 0 

first and second peak of C II transition 3d D - 4f F at 
426.7 nm at different distances for various pressures of (b) 
helium and (c5 arg<mfi. 
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respectively at 251.2 nin and 283.7 nm. Thus the phenomenon of double peak 
structure can not be explained on the basis of electron ion recombination and 
charge transfer processes. Collisionless interactions are neglected as they 
are mainly important only at smaller distances. Blast/shock wave interactions 
occurring in the presence of background gas may play an important role in 
double peak behaviour. In the presence of ambient gas at high pressure plasma 
expands supersonically forming a shock wave. As the shock expands, more and 
more background gas is swept away by the shock wave and hence the expeuision 
velocity decreases with the increasing distance z from the target surface. The 
motion of the blast wave front is governed by the Eq. (13). In our studies, it 
is found that C II fast and slow ion trajectories do not fit well with the 
simple blast wave model given by Eq. (13). We get nearly z « t and z « (t)®’^ 
dependence for helium and argon at 0.1 and 1 Torr pressure for fast and slow 
ions, respectively. Thus the phenomenon of the double peak structure cannot be 
explained on the basis of blast wave interaction. 

The shape of the expanding plasma was also observed visually to look 

_3 

for any changes in the pattern of expanding plume. ;At low pressure (<10 

Torr), the expanding plume is smooth. As the pressure increases the plasma 

front breaks up and forms a separate luminous region which eventually becomes 

bracket shaped, a shape similar to an irregular sickle. Visual observations at 

, 42 

background gas pressure of 0.1 Torr can well be compared with Anan’in et al 
where they explained the onset of micro-instability using high speed 
photography at 0.26 Torr of air pressure as evidenced by the asymmetric 
luminous region having the structure similar to a bracket in the expanding 
plasma (Figs. 2 and 3 of Ref 42). Accordingly, the increase in growth of 
instability was evidenced the increase in Intensity and dimensions of 
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bracket shape structure. In our case, the increase in the number of peaks at 
the plasBa front with pressure signifies the increase in growth of turbulence. 

-3 

At pressures less than 10 Torr , plasma is fairly homogeneous in its 

structure. The inhomogeneities of the laser power density in the laser 
128 129 

focussed spot ' can give rise to fast and slow ion components near the 

target surface. We do not observe the separation of the two components close 

to the target surface. We observe that at low pressures < 10~^ Torr, density 

of plasma ions decreases largely due to expansion and fast recombination 

processes resulting in mutual penetration of the plasma and the gas. During 

interpenetration, transfer of kinetic energy from the laser plasma to the 

background gas takes place and energy and momentum exchange occur. When 

-Z 

pressure is increased to 10 Torr, the interaction region shifts towards the 
target due to increased density of ambient gas. At Pressure ~10"^ Torr, mutual 
penetration of the laser plasma ions and the ambient gas decreases and 
interaction region becomes narrower, thus forming an interface. It is expected 
that near the interface the instabilities like Rayleigh-Taylor sets in the 
plasma. Furthermore, density fluctuations in the interface region leads to 
deceleration of laser plasma front. Due to interface formation and density 
fluctuations, stratification effect in the plasma increases where fast 
component penetrates the ambient gas and the slow one decelerates due to 
appearance of instability aikl consequently gives rise to a distinct double 
peak structure in temporal profiles. The growth of the Rayleigh-Taylor 
Instability and the density of ambient gas at which this instability 
dominates are given by Eqs. (34) and (37), respectively. Using our 
experimental parameters'^^ viz R, the distance from the target surface where 
distinct dottle p^tk stmeture fi^^joars « 0.8 ^ for air, 0,7 cm for argcm, and 
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1.2 cm for helium and M » lo'^ g gives p » 1.3 x 10“^ g/cnP. 1.9 x lo"^ 

3 ““7 3 

g/cn and 3.9 x 10 g/cB corresponding to the gaseous pressure of 0.16 Torr, 

0.09 Torr and 0.18 Torr close to our experimental value of 0.1 Torr. The onset 

distance decreases with the increase in mass of the ambient gas, a fact 

observed experimentally also. Using the estimated density of. the laser plasma 

ions we find that at lower pressures > p^ in the interaction region whereas 

at higher pressures > p^ and acceleration is negative. Also it follows from 
2 ? 

E^. (34) that n > 0 at lower pressures whereas n < 0, in agreement with the 
condition for the growth of the instability at 0.1 Torr. 

We did not observe second peak for C III and C IV species. However, 
for C I transition 2p^ - 3s^ p° at 247.9 nm we observed fast and slow 

component of the neutral species at low pressure also, but no change in the 
structure was observed with increase in the pressure up to 1 Torr, moreover, 
the onset distance of the second peak did not change with pressure. Figure 29 
shows variation of delay in the peak intensities for second peak of C I 
transition at different distances from the target for various helium 
pressures. This observation is similar to the double peak structure reported 
by Dixon et al in helium atmosphere (1-10 Torr) and could be explained from 
the blast wave model. 

In conclusion, we estimated temperature, density and expansion 
velocity of the laser ablated carbon plasma at moderate irradiance as a 
function of distance from the target. Variation of electron temperature with 
laser intensity shows dependence for all species. Electron density was 

calculated from stark broadened profile in vacuum and in the presence of 
ambient gases. It is found that expsinsion velocity of the plasma front 
Increases with the Increase in ionic charge, however, decreases with the 
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Fig. 29 Tinie Delay for the appearanc 
transition 2p^ - 3s^ a 

the target at various pressure 
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Increase in the atomic mass of the ambient gas. The role of various 

Interaction processes in enhancing the line emission in the presence of helium 

and argon is presented. From double peak structure in temporal profiles of the 

2 2 0 

C II transition 3d 0 - 4f F at 426.7 nm, an investigation of the transition 
from mutual penetration to interface formation between carbon ions and 
background gas is reported. At the interface region due to density 
fluctuations, Rayleigh~Taylor instability (RTI) occurs in the decelerating 
laser plasma front which leads to stratification of the plasma. Pressure at 
which RTI occurs at the interface is estimated theoretically which compares 
well with our experimental observation. It is found that distance of 
occurrence of instability decreases with the increase in atomic mass of the 


gases. 



CHAPTER IV 


LASER ABLATED CARBON PLASMA AT LOW INTENSITIES 

INTRODUCTION 

At Boderate laser intensities (~ 10^-10^^ W/cm^) atomic/ionic 

spBci^s from C V to C I which recombine through atomic to molecular carbon 

species are observed. However, at low laser intensities (~ 10^-10^ W/cm^) 

aolecular Cg eralssion was found to dominate in laser ablated plasma. At 

moderate irradiance emission spectrum comprises of discrete lines of different 

ionic species of carbon as shown in Fig. 13. It is seen that decreasing the 

8 2 

laser intensity to 10 W/cm , discrete emission lines disappear whereas 

bands appear in the emission spectrum. Hence, depending on the intensity of 

incident laser radiation it is possible to get high ionic states or molecular 

states of carbon. Recently, the laser ablated plasmas at low irradiance have 

131 

found applications In the production of cluster source, preparation of high 

132 

T superconducting thin films, deposition of metals, carbon 

74 133 134 135 

clusters^*’ ’ and for unhydrogenated diamond like carbon (DLC) films. 

It is found that high quality diamond like films are obtained at low laser 

8 2 

power densities of ~ 10 W/cm where molecular emission is most 

12 SO S7 

dominant. * ’ The structural properties of the films prepared by pulsed 

laser deposition depend on simultaneous control of laser and processing 
parameters, thus for optimization of the film a better understanding of the 
dependence of film formation on the laser and plasma parameters is essential. 
It has been found that energetic ionized and excited particles in the plasma 
plume influence the growth of high quality thin films. Therefore, it is 
imeessary to estimate iwsergy or t«i|?eratwre of. the species which dominate in a 
deposited film. Ifeny resear^ers have tried';fc<> estimate the temperature of the 



83 


energetic species at low laser irradiance. It has been observed that 

the characteristics of C 2 eaission essentially define the quality of 

deposition of thin films on substrates. The emission is also important in 

42 136 

astrophysics and flame spectroscopy. ’ Optical emission studies of C 2 Swan 

bands using KrF-excimer laser in an ambient gas mixture of Ar and H 2 while 

depositing thin films have been reported by Chen et al.^° Swan bands of C 2 

have also been reported from laser vaporization of graphite in a pulsed helium 
131 

flow. Recent results show that the efficient material removal and congruent 

evaporation of mult I -component targets at shorter wavelengths (UV) yield 

superior films, therefore generally excimer lasers at 193, 248, 308 nm and 

Nd:YAG laser at 0.532 im and 0.355 pm are used for deposition of good quality 
137 

films. Optical emission studies of the plasma plume can yield important 
information on the pulsed laser deposition process and lead to better 
understanding of the laser ablated plasma with and without inert gas. In 
general, properties of carbon films prepared by pulsed laser ablation range 
from soft and graphitic to hard and diamond-like, depending on the energetic 
particles present in the plasma plume and on the deposition parameters, such 
as laser power density, laser wavelength, background conditions, substrate 
temperature. 

46 93 94 

In the present chapter, ’ ’ a systematic investigation of 

optical emission studies of the molecular carbon C 2 produced by irradiating 
graphite target with Nd:YAG laser and its harmonics at different laser 
energies aixi helium gas pressures is reported. The temporally and spatially 
resolved studies of emitted particles of laser ablated carbon at low 
irradiance are performed. The present study is aimed at understanding the role 
of ambient gas and for correlating the deposited film properties with plasma 
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plume parameters. These studies are helpful to optimize parameters for diamond 
like carbon film deposltiont to correlate carbon clusters with the plasma 
dynamics and to investigate the spectroscopy of small carbon clusters. 

EXPERIHEirrAL SET UP 

The experimental set up and data acquisition arrangement used 
for recording plasma emission was similar to the one described in Chapter II. 
The laser radiation up to 1 J in 8 ns at its fundamental at 10 pps was 
focussed onto a rotating graphite target enclosed in a vacuum chamber using a 
65 cm focal length lens. The vacuum chamber was evacuated to a pressure of s 

_3 

10 Torr and then filled in with helium gas at desired pressures. 

BESULTS AND DISCUSSION 

At higher laser irradiance 900 mJ of laser energy the plasma 

emission was dominated by atomic/ionic species from C V to C I which recombine 

79 

through atomic carbon to molecular carbon far away from the target surface. 

Figure 30 shows an emission SFtectmm of carbon plasma at 10 ^ Torr of helium 

gas pressure at 600 aJ laser energy and 3 mm away from the target surface in 

the wavelength range 500-600 nm. It is evident that the ionic, atomic and 

molecular transitions are observed. However, at low irradiance viz. 60 mJ of 

laser energy molecular emission was found to dominate. Figure 31 shows the 

emission spectrum at 1 Torr of helium gas pressure at 60 mJ of laser energy. 

The spectrum is dominated by emission in the Av * -2, -1, 0, +1, +2 

sequences of the Swan ( d\ - a^n ) bands and the Av = 0 and +1 sequences of 

8 “ 

the Dealandres - d'Azambuja ( C^T! - ) bands. We have not observed 

o o 

emission l.e. cometary bands^^ at 405 nm with and without helium gas in our 
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Emission spectrijm of carbon plasma at 10 Torr of helium 
gas pressure at 600 mJ of laser energy at 3 mm away from the 
target surface in the spectrum range 500-600 nm. 


Fig. 30 
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Fig. 31 


Emission spectrum of carbon at 1 Torr of helium gas 
pressure at 60 mJ of laser energy. 
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experiment. However, In addition to C 2 lines, some C I and C II lines were 

also present. The presence of helium gas increased the intensity of emitted 

spectrum and all band heads. Figure 32 shows emission spectrum of the d -a 

Av « 0 Swan band sequence in the wavelength range 500-520 nm at 10~^ Torr of 

-3 

helium gas pressure. At 10 Torr pressure, only Swan band heads (0-0) at 

516.5 nm, (1-1) at 512.9 nm, (2-2) at 509.7 nm were seen. Further increase in 

-2 

the pressure of helium gas to 10 Torr showed slight increase in the 
intensity of band heads. At lo"^ Torr not only the intensity of band heads 
increased but two band heads (3-3) at 507.0 nm and (4-4) at 505.6 nm also 

_i 

appeared. Increase in the pressure from 10 -100 Torr, showed slight increase 

in the intensity but no more bands. Figure 33 shows the Av = -1, Swan band 
-2 

sequence at 10 ,1 and 100 Torr of helium gas pressures. Swan bands of 

(v'-v'M i.e. (0-lJ at 563.5 nm, (1-2) at 554.0 nm, (3-4) at 550.1 nm and 
(4-5) at 547.0 n» were observed at all the above mentioned helium gas 
pressures. Similar to Av ■ 0 band sequence we observed that intensity of 
band heads for Av “ -1 band sequence suddenly increases at 10 ^ Torr and does 
not change significantly for pressures upto 100 Torr. Figure 34 shows the 
spectra of the d-a, Av « -1 Swan band sequence at 10 ^ Torr of helium gas 
at 30, 60 and 90 mJ of laser energy. It was found that intensity of band 
heads increased at lower laser energies but after 60 mJ of laser energy 
intensity of Cg baind heads became almost constant. Figure 35 shows the Av * 1, 
Swan band sequence at pressure of 10 ^ Torr of helium gas. The bands (1-0) 
at 473.7 nm, (2-1) at 471.5 nm, (3-2) at 469.7 nm, (4-3) at 468.4 nm and 
(5-4) at 467.8 nm are prominent. This sequence also behaved similar to Av = 0, 
-1 sequence at lo"^ Torr aawi higher pressure of helium gas. Figure 36 shows 
the Av ■ -2 Swan band sequences at lo"^ Torr of helium gas pressure at 80 mJ 
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Fig. 33 Cg d-a. Avss-l, Swan band sequence at (a) 10 , (b) 1 and (c) 
100 Torr of heliuo gas pressures at 60 mJ of laser energy 
using 1.06 laser irradiation. TTie intensity in (b) and 
Cc> is five ti»es that of (a). 
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d-a Si«m baiid sequence Av = -1 at lo'^ Terr of helium 
gas presswa at 30^ 60 and 90 mJ of laser energy- 
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of laser energy. Swan band heads of (0-2) at 619.1 nm, (1-3) at 612.2 nm, 

(2-4) at 605.9 nn. (3-5) at 600.4 nm and (4-6) at 595.9 nm were observed. In 

addition to these, we also observed the so called "high pressure" band of the 

Swan system at 589.9 nm which originates from v'= 6 level and C II atomic line 

at 588.9 na. The high pressure (HP) bands were first observed by Fowler^^^ 

from an electrical discharge through CO at relatively high pressure. In our 

experiment this band sequence was only evident at lo"^ Torr and lO”^ Torr of 

helium gas pressure and completely diminished on further increasing the helium 

131 140 

gas pressure, in agreement with earlier reports. ’ HP bands were also 
50 

reported at high pressure of 100 Torr of argon gas but were not observed at 

131 

high pressures of heliiao gas. In our experiment, since the high pressure 

bands were observed only at 80 mJ of laser energy and in the presence of 
-2 -1 

helium gas at 10 and 10 Torr where atomic carbon lines were also observed 

suggests that the origin of these bands is in fast recombining phase of 

plasma. The intensity of laser for observing these bands being not very large 

implies that Cg bands are formed from atomic carbon recombination. Our 

80 

conclusion is similar to Little et al where they showed that appearance of 
those bands is critically dependent on the laser intensity and proposed that 
the upper level of these bands is populated via a potential-curve crossing by 
the metastable (Fig. 2) state which is populated preferentially during the 
formation of C« fr«i free carbon atoms. The proposed mechanism for production 
of tli6 tipper level of the HP eiid Swan which is consistent with 

experimental and theoretical evidence is according to the following sequence 
80 . 


of reactitms 
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c 4 c ♦ M — > C , v) 4 M 

Cj( v) 4 M — > V“o) 4 M ( 34 ) 

CJ®n .v*o) 4 M — > C (d^n ,v=0-6) 4 M 

* « 2 g 

where M Is the collision partner. Figure 37 shows the variation of the 
Intensity of Swan band sequence (2-0) at 436.4 nm, (3-1) at 437.1 nm and 
C4"*2) Et 438,2 nm with helium pressures. The intensity of bands increased as 
the pressure of helium gas increased from 10~^ to 100 Torr. 

Vibrational Teiaperature 

Laser ablated plasma at low irradiance is mostly used for thin film 
deposition. It is found that properties of the laser ablated particles in the 
ablation plume greatly affects the quality of deposited films but the details 
of the particles behaviour are not fully understood. Quality of the film is 
severely effected by the energy of the particle being deposited and hence by 
the temperature. Therefore, it is necessary to estimate the temperature of the 
species which dominate in a deposited film. Various techniques have been 
utilized to estimate the temperature during dynamic changes in both 
temperature and electron density in a laser produced plasma at low 
irradiance. We used C 2 Swan band head Intensities to estimate 

temperature of the laser ablated plasma at low irradiance. Figure 38 shows the 
relative population of the upper vibrational level as derived from the 
measured intensities (Eqs. (43) and (44)) against vibrational quantum number 
for helium gas pressure of 1 Torr for 1.06 jim laser radiation at 60 mJ laser 
energy, the slope of the curve gives vibrational temperature 9168 K. Figure 39 
shows the variation of vibrational temperature calculated from C 2 Swan bands 
Av « -1 with hellw gas pressure. Vibratlcaial tei^rature decreases with 



INTENSITY (orb. units) 



Fig, 37 Variation of intensity of C 2 d - a, Av = 2, Swan 
sequence with heliian pressure at 60 inJ of laser energy 





HELIUM PRESSURE (Torr) 


Fig. 39 Vibrational teaperature calculated from Swan bands as a 
function of helium gas pressure. 
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increase in hellu* gas pressure. Hence the presence of helium gas helps in 
cooling of the molecular species and increases the recombination rate. 

Vavelengih Dependence 

Relative abundance of clusters in the deposited film depends on 

parameters like laser wavelength, laser intensity and background gas etc.. 

User wavelength used for ablation plays an important role in defining the 

quality and sensitivity of the deposited film. It has been shown in pulsed 

laser deposition of high-T superconducting and of diamond like carbon films 

that short wavelengths (UV) and short pulse widths yield superior quality 
137 

films. To see the wavelength effect on C 2 species which dominate in dieimond 

like carbon deposited films, emission spectra of C^, d-a., Av = -1 Swan bauid 

141 142 

sequence were taken in vacuum and in helium gas pressures at various 

94 

incident laser energies and wavelengths. Figure 40 shows the intensity of 

Swan band heads of (v'-v") l.e. (0-1) at 563.5 nm and (1-2) at 558.5 nm for 

-3 

1.06 pm, 0.532 fim and 0.3SS /m laser irradiation at 10 Torr pressure of 
helium gas. It is found that for all laser wavelengths there is an optimum 
energy after which intensity of the C 2 bands decreases. The intensity of C 2 
bands peaks at 60 mJ, 40 mJ and 3) raJ for 1.06 pm, 0.532 pm and 0.355 pm laser 
irradiation, respectively. Figure 41 shows the emission spectra of C 2 Av = -1 
Swan band sequence for 1.06 pm, 0.532 pm, 0.355 pm and 0.266 pm at the 
optimum energy at 10 ^ Torr helium pressure. The intensity of the band heads 
slightly increases with the decrease in laser wavelength. This may be due to 
photofragmentation of hli^her clusters formed in laser produced plasma. 
Gaission spectra of C 2 bands were recorded at the optimum laser energy for all 
laser wavelengths and for various helium gas pressures. Figure 42 shows the 
intensity of Swan band head of (v'-v'O i.e. (0-1) at 563.5 nm at various 
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Fig. 40. Intensity of Swan band heads, (0-1) at 563.5 nm and 
(1-2) at 558.5 nm for 1.06 ym, 0.532 fxm and 0.355 fim laser 
irradiation at lO"*^ Torr beliw pressvre. 
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Fig. 42. Intensity of Swan band head (0-1) at 563.5 nm at various 
heliUB pressures for 1.06 fjw, 0.532 fan and 0.355 fxm laser 
irradiation. 
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gas pressures for 1.06 pm, 0.532 pm and 0.355 pm laser irradiation. With the 
increase in helium pressure, the intensity of band heads increases upto 
lO"^ Torr and does not change significantly upto 100 Torr. The vibrational 
temperature of Cg bands was calculated for various laser wavelengths at 
various helium pressures. Figures 43(a) and (b) show the relative population 
of the upper vibrational level as derived from the measured intensities 
against vibrational quantum number for helium gas pressures from 10“^ Torr to 
100 Torr for 0.532 pm laser radiation at 40 mJ laser energy and 0.355 pm laser 
radiation at 30 mJ laser energy, respectively. The slope of the curve gives 
vibrational temperature. Vibrational temperature was also calculated for 1.06 
pm and 0.266 pm laser radiation. Figure 44 shows the variation of vibrational 
temperature at various pressures of helium gas for 1.06 pm at 60 mJ, 0.532 pm 
at 40 mJ. 0.355 pa at 30 mJ and 0.266 pm laser radiation at 30 mJ laser 
energy. The increase of helium pressure decreased the vibrational temperature 
for a particular laser wavelength. Thus addition of helium helps in cooling 
and clustering the molecular species. It follows from Fig. 44 that shorter 
laser wavelength irradiation produces higher vibrational temperature 
consistent with T * ^ Here I is the laser intensity and A is laser 

wavelength. It has been found that using shorter wavelength laser irradiation 
high quality thin films can be deposited due to larger mass ablation rate m 
and surface absorption rate K. m and K are defined as 

* -5/S .-4/9 ^35) 

m «c 1 A 

K « ^ (36) 

Here p Is the surface absorption Index. E>q>eri»ental results ' have 
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Fig. 43. Beiative fKijpulation of the iq)per vibrational level of the 
C.. Smtn band sequence Av * -1 versus vibrational quantum 
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nuidlMHr for helim gas pressures froa 10 to 100 Torr for 
(a) 1.06 pm laser irradiation at 60 mJ laser energy and (b) 
6.3S5 isB laser inradiation at 30 mJ laser energy. 
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Fig. 44. Variation of vibrational temperature with helium pressures 
for 1.06 tm at 60 mJ, 0.532 pm at 40 mJ, 0.355 pm at 30 mJ 
and 0.266 pern laser irradiation at 30 mJ laser energy. 
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also shown that higher sensitivity of the deposited film is obtained using UV 

laser irradiation. Presumably, higher vibrational temperature for shorter 

wavelength may be due to a change in the optical penetration depth which 

decreases with wavelength. The decreased volume of material with which the 

laser can interact results in a more efficient coupling to the target. Hence 

shorter wavelength is to be preferred for thin film deposition. Keren et al^^^ 

have shown that UV lasers deposited superconducting thin film result in lower 

resistivity. Figure 45 shows the vibrational temperature calculated at various 

laser energies for 0.355 pm at 10 Torr helium pressure. It follows that 

there exists an optimum laser energy at which vibrational temperature is 

maximum. The optimum films of diamond like carbon are obtained due to the 

17 57 

condensation of energetic particles ’ only above a critical power 

8 2 

densities of 10 U/cm and upto the densities where remains dominant 
fragment in the laser ablated carbon plasma. We observed the emission at 
power density slightly greater than the critical power density. It is also 

found that the degree of the diamond like character varies due to different 

12 SO 57 

temperature in the laser plasma, ' ’ hence deposition at the optimum 

energy where temperature obtained is maximum can play an important role for a 
thin film. The reported vibrational temperature of species for four order 
of magnitude of helium gas pressure may be helpful in understanding the 
ph»nomenon of deposition of diamond like carbon films. 

To see the Influence of backgroiakl gas on temporal profiles of 
molecular carbon species, temporal profiles of d-a, 0-0 Swan l^nd head at 
516.5 nm being most prominent were recorded at various helium gas pressures at 
2 Mi from the target. Figure 46 shows the temporal profiles of band head at 
516.5 nm at different helium gim preswares using %. 06 im laser irradiation. It 
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Fig. 45, Vibrational temperature as a function of laser energy for 
0.3SS im at lO"^ Torr heliiaa pressure. 
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Is observed that Increasing the helium gas pressure increased the delay time 
in the peak intensities of the temporal profiles. Thus velocity of the C 
species decreased with the increase in pressure. The temporal profiles also 
showed the increase in intensity of band head with the increase in helium 
pressure. 

In conclusion, Cg emission spectra were recorded at various helium 
gas pressures at various incident laser energies and wavelengths. It is found 
that there is an optimum energy at which intensity of band heads is 
maximum. The presence of helium enhances the intensity of emitted spectrum. 
Vibrational temperature was calculated at various energies, wavelengths and 
helium pressures using Swan band head intensity. Temperature and velocity of 
the species decrease with the increase in heli\m pressure. Vibrational 
temperature increases with the decrease in laser wavelength and there is an 
optimum energy at tdiich temperature is maximum. 



CHAPTER V 


FULLERENES FROM LASER ABLATED CARBON PLASMA 
iirmoDUCTioN 

since the first report on the existence of stable carbon clusters of 

60 atoes fro* a laser ablated graphite target.^® there has been a tremendous 

growth in research activity aimed at understanding the formation and 

74 147 

properties of clusters. ’ Clusters are of technological importance in 
diverse areas such as catalysis and combustion.^® Experimental techniques 
have been developed to generate clusters of virtually any element from 
ablation of solid targets of the element in the gaseous atmosphere. The 

140 

early work involving carbon vaporized from graphite has recently been 

149 

supplemented by pulsed laser evaporation and the formation of carbon 

150 

clusters have been extensively studied. Particularly, because of 

anticipated astrof^ysical significance, the carbon clusters are being 

151 

generated and studied in the laboratory. The carbon clusters which form 

closed structures known as fullerenes are of current interest because of their 

1S2 1S3 

immediate applications in superconductivity and non-linear optics. ’ Two 

widely used methods for the preparation of such clusters are resistive heating 

and laser evaporation. In both these methods, ^60 clusters are observed to be 

dominant when formed in the atmosphere of helium gas. However, the actual 

mechanism involved in the formation of fullerenes and the role of the 

background gas (like helium) which enhances the formation of carbon clusters, 

etc., are not very clear. In an attempt to generate these molecules 

in the laboratory. Kroto and ooworfcera®®" conducted a series of experiments 

13 

in whidh they identified various even-wadded carbon species-fullerenes in 
the products of laswir vaporized graphite. It is found - that two groiqQs of 
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carbon cluslera, l.e. (n - 1 to 30) and (n = 20 to 90), are formed from 

laser evaporated carbon targets, the most stable being 60 carbon atom cluster 

and also a 70 carbon atom cluster to some extent. ^ The recent report on the 

production of macroscopic quantities of (and also C.^^) by Kratschmer et 
73 

al from laser evaporation has generated immense interest in carbon clusters. 

Study of and has received further impetus because of the discovery of 

ISS 

conductivity In alkali metal doped and and superconductivity^^^ in 

So doped with K (T^, - 18 K), (T^ * 28 K), and their alloys.^^"^ Wagal et 

158 

al have reported optical quality carbon film deposition by accelerating the 
Ions produced In the laser produced plasma plume. Recently a systematic study 

of the structure of carbon fullercnes ranging from to has been 

1S9 

carried out. The relative abundance of these clusters critically depends on 

the experimental parameters like laser intensity, background gas, etc.. 

Mainly, and clusters dominate in the fullerene family when formed from 

147 

low intensity plasma and/or at helium/argon pressure. However, the 

95 131 

correlation of carbon clusters ’ with the plasma dynamics is rare, 
particularly the dynamics of cluster formation is still not well understood. 

Laser ablated carbon plasma in the presence of argon gas has been 
used for deposition of on various substrates using pulsed laser deposition 
(PLD) technique. PLD is emerging as the leading technique to deposit in situ 
high quality thin films because of Its ability of giving high deposition 
rates, depositing materials with hlg^i melting teiq)eratures, simplicity of 
implementation and operation, easy control of film microstructure and of 
maintaining stoichlaMtry of multlcosqxanent system. In the PLD process a 
mixture of plasma and hot vhpours of the tifer^get siaferlal is produced and the 
properties of laser ablated plasma ccaitrols the growth, structure and 
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properties of produced thin films. High density gas flowing over the target 

serves »s • buffer gas in which clusters of the target material are formed. 

Ambient gas effectively enhances the possibility for clustering and growth 
147 

reactions. Thus pulsed laser ablation consists of consecutive processes of 

energy coupling to the target material and deposition on substrate via the gas 

phase condensation, Hie presence of atomically and electronically excited (as 

well as ionized) species and fast quenching of the laser ablated plasma lead 

to the formation of films in metastable states with unique physical and 

160 

mechanical properties. The laser ablation and deposition technique has been 
used to produce a variety of films; high quality, high transition temperature 
superconducting oxide films; hard, hydrogen-free diamond-like carbon 

films;^^^ amorphous Si films; and epitaxial TiN films from TiN targets, 
and other films of Ge, SIO2, GeOg. Au, Cu, etc.. Recently extremely smooth 
high-quality C^q thin films were fabricated by irradiation of a pulsed KrF 
excimer laser beam on to a powder target. Creasy et al^^^ have observed 
fullerene ions from laser ablation of diaaond-llke carbon films demonstrating 
that ions can be formed in a variety of systems. Formation mechanism of 
the CgQ films was found to be consistent with gas phase condensation of small 
species in the laser ablation plasma on to the substrate. The usual methods to 
characterize carbon soot and films are mass spectrometry. X-ray diffraction, 
UV-vlslble, IR and Raman spectra, scanning and tunneling electron microscopy, 
HPLC etc.. Yoshlmoto et al**® characterized the films using Raman and 
UV-vislble spectra and HPLC analysis. Takahashi et al have used scanning 
electron microscopy and other techniqt^s for characterization of plasma 
polymerized / Cjq mixture films. Hany researchers have used field 

ion-scanning tunneling mlcroscoi^ to study the monolayer and multilayer 
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adsorption behaviours of the fullerene on Si and (100)^'^° and Cu 

171 

(in) surfaces. Characterization of deposited films along with 
spectroscopic studies of the plasma plume can yield important information on 
the PLD process and also lead to a better understanding of the laser ablated 
plasma. 

In this chapter presence of fullerenes^^ in laser ablated carbon 
soot and carbon films obtained from vaporization of graphite in a helium 
atmosphere and its correlation with the molecular carbon are discussed. X-ray, 
UV-visible absorption, infrared spectroscopy and scanning electron microscopy 
were used to characterize clusters. 

EXF^IKENTAL SET UP 

The carbon clusters were generated by ablation of graphite using a 

Q-switched Nd:yAG laser in a helium atmosphere. Experimental set up used in 

the present study is similar to the one described in Chapter II. Laser beam 

was focussed onto the rotating graphite target enclosed in a vacuum chamber. 

-2 

The experiment was carried out for different pressures in the range 10 -100 
Torr of helium gas. Figure 12 shows the experimental set up used for the 
deposition of the carbon films. Q-swltched NdrYAG laser delivering upto 500 mJ 
of energy in 6 ns (PWHM) at its 2nd harmonic i.e. 0.532 pm with a repetition 
rate of 10 pps was line focussed using a cylindrical lens of focal length 30 
cm to a spot of 0.048 cm^ onto the rotating graphite rod. The ablated carbon 
was deposited on silicon and glass substrates at 1 aa away and parallel to the 
target surface at low laser Irradlance. To observe the carbon clusters, 
‘soot’ , the ablated Gsurlxm powder was collected from the chamber at different 
hellimi pressures. Soot was dissolved In benztoe ,/ solution aixi the 
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solution was heated t6 60 C for about 48 hours with constant stirring. The 
solution was filtered and the solvent evaporated in a flask till a thick 
solution (of about 2-3 si) at the bottom was formed. This solution was 
decanted Into a snaller sample tube and allowed to evaporate in ambient 

conditions. Micro crystals formed were dried and mixed with KBr to prepare 
pellets to record IR spectra. The n-hexane / benzene soluble material was 
characterized by UV-vlslble spectroscopy. Under the similar conditions of 
deposition of the carbon films, the plasma radiation was imaged on the 

monochromator and was detected with a photomultiplier tube and recorded on a 
strip chart recorder or displayed on the oscilloscope to study 

RESULTS AMD DISCUSSION 

The experimental techniques used to characterize and study the 

carbon clusters mainly fullerenes are given in Table 2. Characterization of 

95 

the carbon films was done by X-ray diffraction and scanning electron 

73 108 

microscopy. UV-vislble and IR spectroscopy were used to characterize ’ 
fullerenes from laser ablated carbon soot. 

Charmcierization of Pulsed Laser Deposited C^bon Films 

X-Ray Diffraction and ScMVtlng Electron Microscopy 

The structural properties of the deposited carbon films were 
investigated by X-ray diffractometer (Rich & Seifert, JSO-debyeflex 2002) in 
order to determine crystal! ino orientation. Figure 47 shows a typical X-ray 
diffracticai pattern of the carbon film deposited <m silicon substrate at 100 
Torr helium pressure. Peaks at 10.3*. 11*, 17.9* and 21* show the presence of 
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(100), (002), (110) and (112) crystalline planes of respectively. X-ray 
diffraction was alto done for the carbon films deposited at various helium 
pressures from lO’^-lOO Torr and it was found that the observed peaks were 
prominent only at 100 Torr. This implies that the crystallinity changes with 
the helium gas pressures. At lower helium pressures (< lOO Torr) the films 
were amorphous. Increase in helium pressure upto 100 Torr improves the quality 
of the film crystallization and phase orientation. 

Scanning electron microscopy was used to study the variation in the 
surface structure of the deposited carbon films with helium gas pressures. 
Films grown at various helium pressures exhibited marked differences in the 
composition and morphology of the films. Figure 48 shows the scanning electron 
micrographs (SBH) of the films deposited at lO”^, 1, 10 and 100 Torr of helium 
gas pressure. It is found that the density of the microcrystalline clusters 
increases with the increase in helium pressure, this complements the observed 
X-ray peaks. Films deposited at lower helium pressures indicate low film 
density and poor connection between the clusters. Clusters become larger and 
more closely pecked with the increase in helium pressure. At 100 Torr helium 
pressure, the nucleation density of carbon clusters in terms of surface area 
is about 80-90X of the total substrate surface. Beyond 100 Torr, carbon film 
starts peeling off end show cauliflower morphology with no systematic pattern. 
This variation in the morphology of the films is principally due to the 
temperature variations in the laser ablated carbon plasma at various helium 
pressures. Fig 49(a) and (b) show the Individual mlcrocrystals obtained at 100 
Torr helium pressure and in vacuum, respectively. It is found that in vacuum 
the asseidilage of hexag<H»l crystals is dtomlaated whereas in the presence of 
helitmi gas particularly at 100 Torr spherical aggregates of carbon are 
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(c) 


(d) 


Fig. 48 Scanning electron micrographs of the carbon films deposited 
at (a) 10“^, Cb) 1, tc) 10 ai»i (d) 100 Torr of helium gas 


{Hreerniare* 
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Fig. 49 Scaimlng electron «icrographs of the individual 
•icrocryetals obtained at (a) 100 Torr belium pressure and 

(b) in vacimn. 
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dMln.nl. This slruclur. .1 100 Torr .jrees well with the reported structure 
, . 109 

of = 60 - 

Laser Ablated Carbon ‘Soot’ Characterization 

CA^-Kislble Absorption and Infrared Spectroscopy 

Figure SO shows an optical absorption spectrum recorded at room 

teapcrature in the range 200-450 nm of the carbon soot (collected at 100 Torr 

heliua pressure) dissolved in n-hexane. The absorption spectra show peaks 

around 21 1. 231 > 273, 299, and a broad band at 325 nm. These peaks are 

characteristic of and clusters. The fact that these peaks exist 

indicate the presence of fullerenes In 9 ur soot. The peak at 231 nm appears as 

a shoulder to 211 n». However, in pure these two peaks are well 

73 

separated. 

The benzene dissolvable fullerenes were further characterized by 
using vibrational spectroscopy. Raneun spectral studies on deposited films 
showed peaks at 1362, 1587 c»”^. The relative intensity of these peaks 
increase at soae spots in the films, indicating the existence of crystalline 
domains. Since these domains were very few and tiny, we resorted to the method 
of extracting fullerenes by dissolving the ‘soot* in benzene and depositing 
the aliquots of the benzene extract onto KBr pellets for IR spectroscopy. No 
attempt was made to separate the clusters as the yield of the benzene soluble 
clusters was very low, thus the overlapping of many bands in the IR spectra is 
expected. Figure 51 shows IR spectra recorded at 10 1, and 100 Torr helium 

gas pressures. The modes at 1720, 1600, 158®, 1455, 1383, 1269, 1126, 1068, 
1039, 739, 701, 670, 651, 575 and 525 were chserved. It is evident from 
the IR spectra. Fig. 51, that the modes becc»»e prominent as the helium gas 
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Wavelength (nm) 


Fig. SO Optical absorption spectrum from the n-hexane solvable soot 
collected at 100 Torr helitim pressure in the range 200-450 nm. 
Peaks around 211, 231, 273, 299 and a broad band at 325 nm 
are characteristic of and clusters. 
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Fig. SI 


InrrBNKi .l-ctr. of <«<»« olnotoW «rtr.ct.i fro. 

«« «.* tM 1©”^ £I>) 1 and 

•olv»bl« ©oot collected at laiJ w , io/ » «* 

belitli preeswre. The modes corresponding to 1455, ^^^6, 739, 

Ad 57S and 525 show the presence of and C^q. 
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pressurt U Incre.sed from lO'^ to 100 Torr. The observed bands were 
Identified by comparison with known modes7^ Generally in the solid phase 
shows four characteristic !R active modes at 527 , 577, 1183 and 1429 cm"^ 
though the agreement between experimental observation and theoretical 

* Mi 4 n 

calculation Is very poor, * IR spectra of comprises of modes at 458, 
536 , 570 , 650 , 674 , 700 , 730 , 830, 1180 and 1430 cm On comparing the 
observed modes with the modes of and C,^^, it is found that the modes 

corresponding to 1455. 1126 . 739 . 701, 670 , 651, 575 and 525 cm”^ could be due 
to and The highest frequency IR mode for and is around 1430 

»l -1 

cm . The peak at 1455 cm , in our case, could be due to and C,^^. Again 

there Is a strong overlap for 1180 cm”' (next highest) for C,. and C_- which 

ou 70 

we observe at 1269 cm . Usually it is difficult to compare the low frequency 
spectra aa the overlap of all fullerenes is stronger, and results in a broad 
structure. However, clear modes at 651, 670, 701 ard 739 cm~^ are observed 
indicating the presence of clusters. The two lower frequency nodes of 
are not very much evident at lower helium pressures in the spectra, but appear 
at 100 Torr helium pressure. The mode at 1039 cm'^ could well be compared with 
the recent calculations which predict additional modes at 159 and 1066 
^-1 175 observations indicate the presence of and C^q 

nicrocrystalline domains in our soot. It Is interesting to note the existence 
of a strong mode at 1720 cm“' in the IR spectra. This mode indicates the 
presence of higher fullerenes. A pri^iry evidence of these came from the 
absorption spectra of the soot collected in vacuum (Fig. 52). The absorption 
spectra show peaks around 277, 298. 323 and a broad band at 367 nm. These 
absorptlcm peaks and strong mode at 1720 c® ^ in the IR si»ctr\m show the 
preswaoe of oarbon clusters C^» ^ clusters of c,yg, 
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rif. 52 Optical absorption spoclma from the benzene solvable soot 
collocied In vacuum in the range 200-450 nm. 
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Cgp and Cg 2 •>“« known to show a weak double peak structure in 700-800 nin 
range, which red shifts and weakens on Increasing the Whereas no 

such peak is known for Cg^ in this range. We have not observed any peak in 
700-800 n* range In the absorption spectrum implying the absence or negligible 
presence of C^^g. Cgg and Cg^ clusters. Thus the mode at 1720 cm“^ in the IR 
spectra Indicates the presence of higher cluster Cg^. It is worthwhile to 
coapare our results with recent calculations of vibrational frequencies of C 

84 

178 

■olecule. The calculations show two higher frequency modes at 1703 and 1683 

ca"* for Cg^ under Dg syaaetry. The strong mode at 1720 cm"^ could well be 

coapared with 1703 ca , The aode at 1683 ca appears as a broad peak at 1625 
~i 

cm . These observations Indicate the presence of Cg^ in our case. 

179 

Several reports explain the growth mechanism of fullerenes. 

76 180 

Kroto and Saalley proposed that the nucleus of the growing particles in 

an incoaplete spherical shell accumulates primarily graphitic carbon on its 

reactive edges, h fullerene is formed in the rare event that a shell closes, 

77 

thereby becoming Inert with respect to further growth. Wakabayashi et al 
proposed ring-stacking model following Kroto et al and showed that C 2 is the 
d(Niinauit fragment for the foraation of the stable fullerenes as shown in 
Fig. 1 for the symmetry and symmetry of and C^q molecule, 
respectively and for perfect closing of fullerenes. An extensive spectroscopic 
study of lonlc"^^ and molecular species^®’^^ was performed from laser ablated 
carb(Hi plasma. It is found that at highor laser irradiance such as 900 aJ of 
laser energy the plasM mtlsslcm is dominated by atoaic/ionic secies from C V 
to C I and at low irradlanoe molecular ^ jw^ominent. Moreover, in 

the presence of ambient gas slgiidfiP«ht atomic and 

. molecular t^iecles of carbon with the Increase in gas pressure was observed. 
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Ch*rtcttrl*.tlon of pulsed User deposited carbon fiUs and laser ablated 
carbon aool ahovtd that the yeild of fullerenes was found to be maximum at 
higher helium pressures. We found that emission spectrum recorded under the 
conditions of deposited films consisted of Swan bands. Band head 
intensities of C2 Swan bands at various pressures showed similar trend as was 
observed for fullerenes. It Is known that characteristics of the film are 

effected by the energy of the particles being deposited and hence on the 

temperature of the dominant species. Therefore, in order to optimize the 
fullerene film characteristics we estimated the temperature of the species 

^ich dominate in laser ablated plume. The vibrational temperature 

94 

calculations for species at various helium pressures showed decrease in 
temperature with the increase in helium pressure. This indicates that the 
presence of helium gas helps in cooling and clustering of the species. 

Niriicularly at 100 Torr helium pressure, vibrational temperature was found to 
be lowest, indicating that clustering is maximum at 100 Torr pressure and 
hence explains the observance of fullerenes, in agreement with our SEM 

pictures St various pressures as shown in Fig. 48. X-ray spectra recorded for 
deposited filss st various helium pressures showed that amorphous character 
was prominent at lower helium pressures but nearly at 100 Torr helium pressure 
crystsUliie pesics of were observed. Similar to the increase in band 
heads increase in IR spectrum modes was observed with the increase in helium 
pressure showing that is the dominant species for the formation of 
fullerenes. Fhotodissociatlon experiments have also shown that larger 
Cn m 32) even nimbered cluster Ions decay d<aiinantly by the loss of a neutral 
Cg fraipaent Indicating the Irngjortance of in fullerenes. 

To conclude, the carbon clusters C^, 0^ produced by laser 
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vaporization of a graphite In the presence of helium gas were characterized 
using X-ray diffraction, scanning electron aicroscopy, UV-vislble absorption 
and Infrared spectroscopy. Importance of molecular carbon in the formation 
of fuliercnes is also discussed, 
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CONCLUSIONS 

We etvidted the pulsed User sbUted carbon plasma In vacuum and In 
the presence of air, hellu. and argon gases at lou and moderate laser 
irradlance. A O-swltched NdiYAC laser and its harmonics mere used to produce 
carbon plasma. Plasma emission was recorded at various distances from the 
target surface la - 0-20 mml for different laser energies (30 mj to 1 J) and 
wavelengths (1,06 . 0.532 , 0.355 and 0.256 pml. Thin films of carbon were 
deposited on glass and silicon substrates. 

At Moderate laser intensities ~ 10^-10^^ W/cm^. we found that 
atOMic/lonlc species (C I to C V) doainate the plasma emission. Electron 
temperature of the carbon plasna estiaated from the relative intensities of 
spectral lines assuming the plssma to be in local thermodynamic equilibrium 
lies betvfeen 2-10 eV. The variation of electron temperature with intensity of 
laser radiation gives 1®'* dependence. The electron density estimated by 
measuring the stark width of C 11 transition 3p - 4s at 392.0 nm at 

various distances away from the target was found to be in the range 

•3 

oa . The variation of stark broadened profile in the presence of helium and 
argon gases was also carried out. The temporal profiles of C II (426.7 nm), 

C in C46S.0 nm) and C IV (580.1 nm) were used to estimate the velocity of the 
plasma front. The expansion velocities of C II, C III and C IV species were 
foimd to be about 7x10^ and 10x10* cm/s, respectively. Thus it 

decreases with dscresse in ionic dharge. Expansion velocity of the plasma 
fr<mt decreased with the increase in attailc mass ?fnd pressure of the ambient 
User ablated carbon studies in the prese^ of heliiaa and argon 
indicated ths lint enission enhancwwnt of the Imic species, it was found 
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th.t the background gas essentially provides a heat sink and the three body 
reco*blnatlon rate Increased resulting In populating the excited neutral and 
Ionic carbon species. A detailed Investigation of the tenip>oral profiles at 
various pressures of air, heliua and argon gas and at different distances 

revealed a peculiar double peak structure in the temporal profile of the C II 

2 2 0 

transition 3d 0 df f at 426*7 nm at various gas pressures* Various 
interaction processes such as electron-ion recombination, collisional inter- 
actions, blast/shock wave, micro-instabilities occurring due to interaction 
of laser plasma and the ambient gas etc. were investigated as a possible cause 
of the double peak structure. It is proposed that the second peak in temporal 
profiles originates mainly due to stratification of the plasma into fast and 
slow ion components at the Interface region due to density fluctuations where 
the occurrence of the Raylelg^-Taylor Instability caused deceleration of the 
laser plasma front. The instability occurred at 0.1 Torr of background gas. 

At low UMr lrr.dl.nc. th. pl.«. «l.sIon was donlnatad by 
emission In the Av ■ -2, -I, 0, +1, *Z sequences of the Swan (d^n - a^ ) 

g « 

bands and the Av ■ 0 and ♦! aeqiwnces of the Deslandres - d’AzambuJa 

Cc'n ** A*n } bands. C- being an essential ingredient for generation of stable 

fl e * 

and CyQ clusters and for deposition of diamond like carbon films, an 
extensive investigation of optical emission spectra of were carried out. 
The studies were performed mt vari<«i8 laser irradiances, wavelei^ths and at 
various pressures CIO"^ to 100 Torr) of the ambient gas. We fonmd that at an 
cHptlmum mergy th# intmisity of Cg band heads is maximum. The presence of 
beliiM gas enhanced the intensity of Swan bwad heads. Vibrational tei^ratures 
estimated from the measured emission Intensities hi the Swan band heads at 
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various User eriergles ir»d wavelengths and under various helium pressures lie 
In the range of 6000>12000 K. Tenperature and velocity of the species 
decrease with the Increase in helium pressure. Thus addition of helium helped 
in cooling and clustering of the molecular species. Vibrational temperature 
increases with the decrease in laser wavelength and there is an optimum energy 
at which temperature is maximum. The shorter laser wavelength Irradiation 
produced higher vibrational temperature consistent with T » 

Pulsed laser deposition was attempted for depositing carbon films on 
silicon substrates at 1 cm away and parallel to the target surface at low 
laser Irradlance and at different helium pressures. X-ray diffraction pattern 
of the carbon films deposited at 100 Torr helium pressure showed peaks at 
10.3*, n*. 17.9* and 20* confirming the presence of (100), (002), (110) and 
(112) crystalline planet of Scanning electron micrographs of the film 

deposited under various helitui pressures showed that the density of the 
nlcrocrystalllne clusters Increases with the increase in helium pressure. 
Beyond 100 Torr, carbon film showed ‘cauliflower’ morphology with no 
systeMilc pattern. The ablated carbon powder ‘soot’ collected from the 
chamber at different helium pressures was analyzed for the presence of C^q. 
The optical absorption spectra show peaks around 211, 231, 273, 299 and a 

broad band at 325 nm which are characteristic of C^q and clusters. 

Prominent IB modes at 1720, 1455, 1126, 739, 701, 670, 651, 575 and 525 cm 
In the infrared spectrum showed the presence of C^, and Cg^ in the 
bwruBeiMi/n>tMKKafie solvable carbon soot. 

future moope of work 

No attempt was made to understand the plasma expansion in the 



129 


presence of .ogneUc field However, In order to gain nore understanding of 
the ln«l.bUUle. occurring in the laser sblated carbon plassa. a systematic 
study undertaken In the presence of magnetic field in an ambient gas 
atmosphere will enhance the growth of Rayleigh-Taylor instability near the 
magnetic confinement radius where the excluded field energy equals the 
original plasma energy. Development of the instability can be studied using 
high speed streak photography. These studies will help in simulating the space 
and astrophysica 1 “ 1 Ike plasmas at moderate irradiances in laboratory. 
Astrophyslcal'-l Ike plasmas have usually been achieved at very high 
irradiances, Studies of various other phenomena like large larmour radius 
Instability. Jet effect, conditions of strongly coupled plasma at moderate 
laser Intensity will help in understanding the plasmas in laboratory. 

Mo measured the electron density using stark broadened profile of 
the C 11 species. Other methods like resonance absorption and laser~induced 
fluorescence can he utilized using tunable dye laser as a probe beam to 
CMipare the density. 

We used pulsed laser deposition technique for depositing carbon 
films. Itowever, to increase the yield and to improve the homogeneity and 
uniformity of the deposited film, the pulsed laser deposition along with 
capacitively coupled plasma technique can be tried. This technique involves 
coiqillng of laser energy to the laser ablated spot. It extends the laser 
ablated pluM to a large area, large voluae and deposits energetic species 
giving uniform film. 

Due to presence of delocalised s-electrons, the fullerenes, C^q, 
ate, have tieen predicted to eidilblt nonlinear epical b^lour. Studies of 
nonllnssur optical propertiea like optical limiting, phase conjugation of the 
/ CL-- tolttWM solution, can be tmrrled out. 
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